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SUMMARY 


The development, design, construction, and testing processes of two 
electronically (transistor) controlled and commutated permanent magnet 
brushless dc machine systems, for propulsion of electric vehicles are 
detailed in this report. One machine system was designed and con- 
structed using samarium cobalt for permanent magnets, which supply 
the rotor (field) excitation. Meanwhile, the other machine system was 
designed and constructed with strontium ferrite permanent magnets as 
the source of rotor (field) excitation. 

These machine systems were designed for continuous rated power 
output of 15 hp (11.2 kw), and a peak one minute rated power output 
of 35 hp (26.1 kw). Both power ratings are for a rated voltage of 115 
volts dc, assuming a voltage drop in the source (battery) of about 15 
volts. That is, an internal source voltage of 120 volts dc. 

Each machine consisted of permanent magnets mounted on the rotor 
shaft, in addition to a three phase wound armature mounted on the sta- 
tor. Each machine is controlled by an electronic power conditioner. 
The power conditioner consists of a two quadrant transistor-based 
chopper for dc line current and machine torque control purposes, in 
addition to an inverter/ converter arrangement. This inverter/converter 
portion of the power conditioner consists of a six transistor/antiparallel 
diode bridge, for inverting dc to ac during motoring, and converting ac 
to dc during regeneration. One conditioner was designed to operate 
both the samarium cobalt and strontium ferrite based machines. 

Machine-power conditioner system computer-aided simulations were 
used extensively in the design process. These simulations relied heavi- 
ly on the magnetic field analysis in these machines using the method of 
finite elements, as well as methods of modeling of the machine-power 
conditioner system dynamic interaction. These simulation processes are 
detailed in this report. 

Testing revealed that typical machine system efficiencies at 15 hp 
(11.2 kw) were about 88% and 84% for the samarium cobalt and strontium 
ferrite based machine systems, respectively. Both systems met the 
peak one minute rating of 35 hp. Under a standard SAE drive cycle 
J227a Schedule D, the cycle efficiencies were found to be 84% and 75%, 
for the samarium cobalt and strontium ferrite based systems, respec- 
tively. 

Design Concepts, methods and hardware developed for this system 
are equally applicable to many other systems such as in electromechani- 
cal actuation, industrial and machine tool drives, and robotics. 


1 




h 


\ 








■>,1 


i 


«'•*' 1 

u 

S'* 

* 

& 

' A 
.* 

•4^ 


1 I 


LIST OF FIGURES 


Figure (1.1-1) 


FIGURE (1.2-1) 
FIGURE (2.1-1) 
FIGURE (2.1-2) 

FIGURE (2.1-3) 
FIGURE (2.1-4) 
FIGURE (2.1-5) 
FIGURE (2.1-6) 
FIGURE (2.1-7) 
FIGURE (2.2-1) 
FIGURE (2.2-2) 

FIGURE (2.2-3) 

FIGURE (2.2-4) 
FIGURE (2.2-5) 
FIGURE (2.2-6) 

FIGURE (2.2-7) 

FIGURE (2.3-1) 

FIGURE (2.3-2) 


FIGURE (2.3-3) 
FIGURE (2.3-4) 


FIGURE (2.3-5) 


FIGURE (2.3-6) 


FIGURE (2.3-7) 


FIGURE (2.3-8) 


2 


Functional Block Diagram of a Brushless DC Prime 
Mover System in an Electric Vehicle from DC Source 
to Wheels 

The SAE J227-a Schedule D Drive Cycle 

Block Diagram of Motor-Conditioner System 

Stator Laminations for Samarium Cobalt and 

Strontium Ferrite Based Machines 

Motor- Power Conditioner Network Schematic 

Advanaced Firing Concept 

Snubber Network 

Clamping Network 

Logic Diagram 

Six Switch, Three Phase Inverter. 

Inverter Switching Sequence During Motoring, 0° 
Commuitation Advance. 

Inverter Switching Sequence During Motoring, 30° 
Commutation Advance 

Discrete Hopping Nature of the Stator MMF. 

Machine Torque Production 

Idealized Machine Torque Profiles with 0° and 30° 
Commutation Advance 

Comparison between Idealistic and Realistic Torque 
Profile with 30° Commutation Advance 
Current Patterns During the Commutation of Current 
from Phase (a) to Phase (b) 

Status of Phase Currents and EMFs During Commu- 
tation of Phase Current From Phase (a) to Phase 
(b). With a Commutation Advance Angle, 6 = 0°. 

V 

Behaviour of Phase Currents During Commutation 
Actual Shape of the Phase Current at Rated Load 
Showing Commutation Periods, and tj. 

Equivalent Circuit Model of MPC System During Com- 
mutation of Current from Phase a to Phase b Before 
the Recovery of Diode, D^ and D^. 

Equivalent Circuit Model of MPC System During Com- 
mutation of Current from Phase a to Phase b Before 
the Recovery of Diode, D^ and. After Recovery of 

Diode, D4. 

Equivalent Circuit Model of MPC System at Comple- 
tion of Commutation, Diodes, D^ and D^ Recovered. 

Approximate Values of x , i^, and di b /dt During 

tha First Commutation Period, t^, for Zero and 

Thirty Electrical Degrees of Commutation Advance 

(« * 0° and * 30°) 
c c 





FIGURE (2.3-9) 

FIGURE (3.1-1) 
FIGURE (3.1-2) 

FIGURE (3.1-3) 
FIGURE (3.1-4) 
FIGURE (3.2-1) 

FIGURE (3.2-2) 
FIGURE (3.2-3) 
FIGURE (3.2-4) 
FIGURE (3.2-5) 
FIGURE (3.2-6) 
FIGURE (3.2-7) 
FIGURE (3.2-8) 
FIGURE (3.2-9) 
FIGURE (3.2-10) 

FIGURE (3.2-11) 

FIGURE (3.2-12) 
FIGURE (3.2-13) 

FIGURE (3.2-14) 
FIGURE (3.2-15) 

FIGURE (3.2-16) 
FIGURE (3.2-17) 

FIGURE (3.2-18) 


Effect of the Third Harmonic Component on the In- 
duced Phase EMF During the First Commutation Per- 
iod - Commutation Advance 6 =0° and 30°. 

c 

Schematic of Permanent Magnet 

Operating Point of the Magnet in the Samarium Co- 
balt Machine 

Schematic of a Stator Slot 
Torque - Angle Characteristic 

Representation of Equivalent Magnetic Effect for the 
Magnetic Shapes of the Brushless Machines for Pur- 
poses of Finite Element Field Analysis 
Geometrical Interpretaion of Apparent, Effective, and 
Incremental Inductance 

Change in Energy Per Unit Elemental Volume Due to 
Perturbed Excitation, Using Incremental Reluctivity 
Change in Energy Per Unit Elemental Volume Due to 
Perturbed Excitation, Using Apparent Reluctivity 
Finite Element Grid of Samarium Cobalt Machine at a 
Given Rotor Position 

Finite Element Grid of Strontium Ferrite Machine at a 
Given Rotor Position 

No-Load Equal MVP Conturs (Flux Plot) of the Sa- 
marium Cobalt Machine for a Given Rotor Position 
No-Load Equal MVP Conturs (Flux Plot) of the 
Strontium Ferrite Machine for a Given Rotor Position 
Midgap Flux Density Waveform at No Load in the Sa- 
marium Cobalt Machine - Peak Value 48,750 lines/in 1 
Midgap Flux Density Waveform at No Load in the 
Strontium Ferrite Machine - Peak Value 19,050 
lines/in* 

Midgap Flux Density Waveforms at No Load in the 
Strontium Ferrite Machine - Peak Values are 19,058 
lines/in 3 and 19,049 lines/in 3 Respectively 
Equal MVP Contours of the Samarium Cobalt Machine 
at Rated Load for a Given Rotor Position 
Midgap Flux Denisty Waveform at Rated Load in the 
Samarium Cobalt Machine - Peak Load 50,470 lines/ 
in 3 

Equal MVP Contours of the Strontium Ferrite Machine 
at Rated Load for Roter Postion No. 1 
Midgap Flux Density Waveform at Rated Load in the 
Strontium Ferrite Machine for Roter Position No. 1 - 
Peak Value 18,680 lines/in 3 

Equal MCP Contours of the Strontium Ferrite Machine 
at Rated Load for Rotor Position No. 2 
Midgap Flux Density Waveforms at Rated Load in the 
Strontium Ferrite Machine for two Rotor Positions 
No.’s 2 and 1 - Peak Values are 18,470 lines/in 3 and 
18,680 lines/in 3 

No Load Armature EMF Waveforms Calculated by the 
FE Analysis for the Strontium Ferrite Machine, As- 
suming no Armature Slot Skewing, Half Slot Skew- 
ing, and Full Slot Skewing 



FIGURE (3.2-19) 
FIGURE (3.2-20) 

FIGURE (3.2-21) 

FIGURE (3.2-22) 

FIGURE (3.2-23) 

FIGURE (3.2-24) 

FIGURE (3.2-25) 

FIGURE (3.2-26) 

FIGURE (3.2-27) 

FIGURE (3.2-28) 
FIGURE (3.2-29) 
FIGURE (3.2-30) 

FIGURE (3.2-31) 
FIGURE (3.2-32) 

FIGURE (3.2-33) 

FIGURE (3.2-34) 
FIGURE (3.2-35) 

FIGURE (3.2-36) 

FIGURE (3.2-37) 

FIGURE (3.3-1) 
FIGURE (3.3-2) 
FIGURE (3.3-3) 
FIGURE (3.3-4) 

FIGURE (3.3-5) 

FIGURE (3.3-6) 


Schematic of Machine Phase Windings and 
Inductances 

The Field Distribution for a Quiescent Point at No 
Load for A Given Rotor Position - The Samarium Co- 
balt Machine 

The Perturbed Field at No Load Due to (*Ai.) For 

the Rotor Position in FIGURE (3.2-20) 

The Perturbed Field at No Load Due to (-AL) For 


the Rotor Position in FIGURE (3.2-21) 

Perturbed Field Solution Due to a Perturbed Current 

(i a • A V ^ 

Perturbed Field Solution Due to a Perturbed Current 

(i » • *V j b> 

Quiescent Field Soltuion at Rated Load, Rotor Posi- 
tion at Beginning of State No. 1 

Quiescent Field Solution at Rated Load, Rotor Posi- 
tion at Middle of State No. 1 

Quiescent Solution at Rated Load, Position at End of 
State No. 1 

Series Winding Connection 
Parallel Winding Connection 

Armature Winding Self Inductance Per Phase, 
L (0), for Series Connection, Function of Rotor 

93 

Postion - Samarium Cobalt Machine 
Line to Line Armature Winding Inductance, For Ser- 
ies Connection, Function of Rotor Postion - Samarium 
Cobalt Machine 

Armature Winding Self Inductance Per Phase, 
L (0), for Parallel Connection, Function of Rotor 

99 

Postion - Samarium Cobalt Machine 
Line to Line Armature Winding Inductance, For Par- 
allel Connection, Function of Rotor Postion - Samari- 
um Cobalt Machine 

Example No Load Quiescent Field Solution Point for 
Calculation of Strontium Ferrite Machine Inductances 
Example Rated Load Quiescent Field Solution Point 
for Calculations of Strontium Ferrite Machine Induc- 
tances 

Armature Winding Self Inducatance per Phase, 
L m ( 6), for Parallel Connection, Function of Rotor 

Position - Strontium Ferrite Machine 

Line to Line Armature Winding Inducatances, for 

Parallel Connection, Function of Rotor Position - 

Strontium Ferrite Machine 

Machine Model. 

Power Conditioner Schematic 

Machine - Power Conditioner System Network Graph 
Flow Chart of Machine - Power Conditioner Dynamic 
Model 

Maximum Power Curves for the Samarium Cobalt Ma- 
chine 

Peak Current Curves for the Samarium Cobalt Ma- 
chine 


4 


FIGURE (3.3-7) 
FIGURE (3.3-8) 
FIGURE (3.3-9) 

FIGURE (3.3-10) 

FIGURE (3.3-11) 
FIGURE (3.3-12) 

FIGURE (3.3-13) 
FIGURE (3.3-14) 
FIGURE (3.3-15) 

FIGURE (3.3-16) 

FIGURE (3.3-17) 

FIGURE (3.3-18) 
FIGURE (3.3-19) 

FIGURE (3.3-20) 

FIGURE (3.3-21) 
FIGURE (3.3-22) 
FIGURE (3.3-23) 
FIGURE (3.3-24) 
FIGURE (3.4-1) 


Maximum Power Curves for the Strontium Ferrite 
Machine 

Peak Current Curves for the Strontium Ferrite Ma- 
chine 

bimulated Current Buildup in the Strontium Ferrite 
Machine for 12 Turns and Zero Degrees E Commuta- 
tion Advance 

Simulated Current Buildup in the Strontium Ferrite 
Machine for 9 Turns and Zero Degrees E Commuta- 
tion Advance 

Simulated Current Buildup in the Strontium Ferrite 
Machine for 9 Turns and 30°E Commutation Advance 
Typical Effect of Skewing on Armature Induced EMF 
in the Strontium Ferrite Machine for No Skewing, 
Half Slot Skewing, and Full Slot Skewing at 8000 
rpm. 

Armature Induced EMF Waveform of the Samarium 
Cobalt Determined by Finite Elements, 9000 r.p.m. 
Armature Induced F.MF Waveform of the Strontium 
Ferrite Determined by Finite Elements, 9000 r.p.m. 
Strontium Ferrite Machine Phase Current and Elec- 
tromagnetic Torque in Amperes and Newton Meter, 
No Skewing, Zero Commutation Advance, at 8000 
r.p.m., 9 Turns/Path/Phase. 

Strontium Ferrite Machine Phase Current and Elec- 
tromagnetic Torque in Amperes and Newton Meter, 
Half Slot Skewing, Zero Commutation Advance, at 
8000 r.p.m., 9 Turns/Path/Phase. 

Strontium Ferrite Machine Phase Current and Elec- 
tromagnetic Torque in Amperes and Newton Meter, 
One Slot Skewing, Zero Commutation Advance, at 
8000 r.p.m., 9 Turns/Path/Phase 
Armature Induced Phase EMP and Phase Current for 
Normal and Advanced Commutation by 30° Electric*!, 
Phase Current and Electromagnetic Torque for the 
Case of 0° Advanced Commutation of the Strontium 
Ferrite Machine, at 8000 r.p.m., 9/Turnr /path/phase 
Phase Current and Electromagnetic Torque for the 
Case of 30° Advanced Commutation of the Strontium 
Ferrite Machine, at 8000 r.p.m., 

9/Turns/path/phase. 

Phase Current of the Samarium Cobalt Machine with 
the 12 Turn Winding at 9000 rpm and 0° Advanced 
Commutation 

Phase Current of the Samarium Cobalt Machine with 
the 12 Turn Winding at 9000 rpm and 30° Advanced 
Commutation . 

Electromagnetic Power of the Samarium Cobalt Ma- 
chine with the 12 Turn Winding at 9000 rpm and 0° 
Commutation Advance 

Electromagnetic Power of the Samarium Cobalt Ma- 
chine with the 12 Turn Winding at 9000 rpm and 30° 
Commutation Advance. 

Cross Section of the Samarium Cobalt Machine 


5 



FIGURE (3.4-2) 
FIGURE (3.4-3) 
FIGURE (3.4-4) 
FIGURE (3.4-5) 
FIGURE (3.4-6) 
FIGURE (3.4-7) 
FIGURE (3.4-8) 
FIGURE (3.4-9) 
FIGURE (3.4-10) 
FIGURE (3.4-11) 
FIGURE (3.4-12) 
FIGURE (3.4-13) 
FIGURE (3.4-14) 
FIGURE (3.4-15) 
FIGURE (3.4-16) 

FIGURE (3.4-17) 

FIGURE (3.4-18) 
FIGURE (3.4-19) 
FIGURE (3.4-20) 
FIGURE (3.4-21) 
FIGURE (3.4-22) 

FIGURE (3.4-23) 

FIGURE (3.4-24) 

FIGURE (3.4-25) 
FIGURE (3.4-26) 
FIGURE (3.4-27) 
FIGURE (3.4-28) 
FIGURE (3.4-29) 

FIGURE (3.4-30) 
FIGURE (4.0-1) 

FIGURE (4.0-2) 

FIGURE (4.0-3) 
FIGURE (4.1-1) 
FIGURE (4.1-2) 
FIGURE (4.1-3) 
FIGURE (4.2-1) 

FIGURE (4.2-2) 

FIGURE (4.2-3) 

FIGURE (4.3-1) 
FIGURE (4.3-2) 
FIGURE (4.4-1) 
FIGURE (4.4-2) 
FIGURE (5 1-1) 


Cross Section of the Strontium Ferrite Machine 
Stator Core View No. 1 Samarium Cobalt Machine 
Stator Core View No. 2 Samarium Cobalt Machine 
Armature View Number 1 Samarium Cobalt Machine 
Armature View Number 2 Samarium Cobalt Machine 
Armature View Number 3 Samarium Cobalt Machine 
Armature View Number 4 Samarium Cobalt Machine 
Assembled Rotor Samarium Cobalt Machine 
Components of Samarium Cobalt Machine 
Assembled Samarium Cobalt Machine View Number 1 
Assembled Samarium Cobalt Machine View Number 2 
Assembled Samarium Cobalt Machine View Nu iber 3 
Sator Core View Number 1 Strontium Ferrite Machine 
Sator Core View Number 2 Strontium Ferrite Machine 
Partially Wound Armature View Number 1 - Strontium 
Ferrite Machine 

Partially Wound Armature View Number 2 - Strontium 
Ferrite Machine 

Armature View Number 1 Strontium Ferrite Machine 
Armature View Number 2 Strontium Ferrite Machine 
Armature View Number 3 Strontium Ferrite Machine 
Armature View Number 4 Strontium Ferrite Machine 
Shaft and Magnet View Number 1 - Strontium Ferrite 
Machine 

Shaft and Magnet View Number 2 - Strontium Ferrite 
Machine 

Shaft and Magnet View Number 3 - Strontium Ferrite 
Machine 

Components of Strontium Ferrite Machine 
Assembled Strontium Ferrite View Number 1 
Assembled Strontium Ferrite View Number 2 
Assembled Strontium Ferrite View Number 3 
Samarium Cobalt and Strontium Ferrite Machines View 
Number 1 

Samarium Cobalt and Strontium 

The Power Conditioner Viewed From the Chopper 
Choke and Filter Capacitor Side 

The Power Conditioner Viewed From the Top With 

the Base Drive Circuits in Full View 

The Power Conditioner-A Side View 

Snubber Network 

Clamping Network 

Base Drive 

Steady State Thermal Model of Power Conditioner 
Transistors and Diodes 

Maximum Steady State Power Dissipation Versus 

ftVminutes of the Transistor Heat Sinks 

Maximum Steady State Power Dissipation Versus 

ftVminutes of the Diode Heat Sinks 

RPS Rotor Assembly 

RPS Stator Assembly 

Low Level Control Electronics 

Timing Diagram (RPS - Inverter) 

Motor- Power Conditioner Test Setup (1) 


6 



ORIGINAL PAGE 18 
OF POOR QUALITY 


FIGURE (5.1-2) 
FIGURE (5.1-3) 

FIGURE (5.2-4) 
FIGURE (5.1-5) 
FIGURE (5.1-6) 
FIGURE (5.2-1) 


FIGURE (5.2-2) 


FIGURE (5.2-3) 


FIGURE (5.2-4) 


FIGURE (5.2-5) 
FIGURE (5.2-6) 
FIGURE (5.2-7) 
FIGURE (5.2-8) 
FIGURE (5.2-9) 
FIGURE (5.2-10) 
FIGURE (5.2-11) 
FIGURE (5.2-12) 
FIGURE (5.2-13) 
FIGURE (5.2-14) 
FIGURE (5.2-15) 
FIGURE (5.2-16) 
FIGURE (5.2-171 
FIGURE (5.2-18J 
FIGURE (5.2-19) 
FIGURE (5.2-20) 
FIGURE (5.2-21) 
FIGURE (5.2-22) 
FIGURE (5.2-23) 
FIGURE (5.2-24) 
FIGURE (5.2-25) 
FIGURE (5.2-26) 
FIGURE (5.2-27) 
FIGURE (5.2-28) 
FIGURE (5.2-29) 
FIGURE (5.2-30) 
FIGURE (5.2-31) 
FIGURE (5.2-32) 
FIGURE (5.2-33) 
FIGURE (5.2-34) 
FIGURE (5.2-35) 
FIGURE (5.2-36) 
figure (5.2-3?) 
FIGURE (5.2-36) 
FIGURE (5.2-39) 
FIGURE (5.2-40) 


Setup (1) When Testing the Samarium Cobalt Machine 
Setup (1) When Testing the Strontium Ferrite Ma- 
chine 

Motor- Power Conditioner Test Setup (2) 

Setup (2) When Testing Samarium Cobalt Machine 
Setup (2) When Testing Strontium Ferrite Machine 
Inductor Current (Torque) - Speed Plane for the 
Samarium Cobalt Machine With Parallel Connected Ar- 
mature Paths. 

Temperature Rise in the MPC System (Samarium Co- 
balt Case), Run 64, at 15 hp Output for 125 Minutes 
Duration. 

Inductor Current (Torque) - Speed Plane for the 
Strontium Ferrite Machine with Parallel Connected 


Armature Paths. 
Temperature Rise in 
Ferrite Case), Run 3, 
nutes Duration. 


Osc 

Osc 

Osc 

Osc 

Os>' 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Ore 

O^u 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osc 

Osci 

Osc 

Osc 

Osc 


log ram, 
ogram, 
logram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram. 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
ogram, 
logram, 
ogram, 
ogram, 
ogram, 
logram, 
ogram, 
logram, 
ogram, 
logram, 
ogram, 
logrhm, 
logram, 
logram, 
logram, 
logram, 
logram. 


See Table 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 
See Tabl 


the MPC System (Strontium 
at 15 hp Output Tor 145 Mi- 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-9) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

(5.2-10) 

( 0 . 2 - 10 ) 

(5.2-10) 

(5.2-10) 

(5.2-10) 


7 



FIGURE (5.3-1) 
FIGURF (5.3-2) 

FIGURE (5.3-3) 
FIGURE (5.3-4) 

FIGURE (5.3-5) 

FIGURE (5.3-6) 


FIGURE (5.3-7) 


FIGURE (5.3-8) 


FIGURE (5.3-9) 


FIGURE (5.3-10) 


FIGURE (5.3-H) 


FIGURE (5.4-1) 
FIGURE (5.4-2) 
FIGURE (5.4-3) 
FIGURE (5.4-4) 
FIGURE (5.4-5) 


Power Flow - Test Setup (1) 

Rotational Losses as Function of Speed for the Per- 
manent Magnet Alternator of Test Setup (1) 

Power Flow - Test Setup (2) 

Rotational Losses Versus Speed - Samarium Cobalt 
Machine 

Rotational Losses Versus Speed - Strontium Ferrite 
Machine 

Plot of Electrical and Mechanical Powers Versus Tor- 
que a» 3500 RPM for the Strontium Ferrite MPC Sys- 
tem Before Torque Shift 

Plot of Electrical and Mechanical Powers Versus Tor- 
que at 5400 RPM for the strontium Ferrite MPC Sys- 
tem Before Torque Shift 

Plot of Electrical Jnd Mechanical Powers Versus Tor- 
que at «200 RPM for the Strontium Ferrite MPC Sys- 
tem Before Torque Shift 

Plot of Electrical and Mechanical Powers Versus Tor- 
que at 3509 rpm for the Strontium Ferrite MPC Sys- 
tem After Torque Shift 

Plot of Electrical and Mechanical Powers Versus Tor- 
que at 5400 rpm for the Strontium Ferrite MPC Sys- 
tem After Torque Shift 

Plot of Electrical and Mechanical Powers Versus Tor- 
que at 7200 rprn for the Strontium Territe MPC Sys- 
tem After Torque Shift 
Power Flow - MPC System (Motoring) 

Power Flow - MPC System (Regenerating) 

Equi- Efficiency Contours - Samar jam Cobalt Case 
Equi Efficiency Contours - Strontium Ferrite Case 
Equi-efficiency Contours Samarium Cobalt Case 


ORIGINAL PAGE !3 
OF POOR QUALITY 


8 



OWGWAI. PA GS 13 
OF POOR QUALITY 




LIST OF TABLES 


TABLE (3.1-1) 

TABLE (3.2-1) 
TABLE (3.2-2) 
TABLE (3.2-3) 
TABLE (3.4-1) 

TABLE (4.4-1) 
TABLE (5.1-1) 

TABLE (5.1-2) 

TABLE (5.1-3) 

TABLE (5.2-1) 

TABLE (5.2-2) 


TABLE (5.2-3) 


TABLE (5.2-4) 
TABLE (5.2-5? 
TABLE (5.2-6) 


SUMMARY OF PARAMETERS CORRESPONDING TO 
PRELIMINARY DESIGNS OF THE PHASE (II) 
SAMARIUM COBALT AND STRONTIUM FERRITE 
BASED MACHINES 

FE DETERMINED AND MEASURED BACK EMF 
CONST ANTS (Volts/Mech . Radian/Sec) 

MEASURED INDUCTANCES OF THE Y-CONNECTED 
SAMARIUM COBALT MACHINE. 

FE DETERMINED AND MEASURED (LINE TO LINE) 
INDUCTANCES. 

PARAMETERS AND CHARACTERISTICS OF THE 
SAMARIUM-COBALT BASED AND STRONTIUM FERITE 
BASED MOTORS FROM DESIGN CALCULATIONS AND 
TEST 

PROM CONTENTS 

IDENTIFICATION OF FUNCTIONS OF DATA LOGGER 
CHANNELS. 

IDETIFICATION OF INSTRUMENTATION IN TEST 
SETUP (1) - SEE FIGURE (5.1-1). 

IDENTIFICATION OF INSTRUMENTATION IN TEST 
SETUP (2) - SEE FIGURE (5.1-2) 

TEST DATA OP MOTORING RUNS FOR THE 
SAMARIUM COBALT BASED MACHINE WHEN 
ARMATURE PATHS WERE CONNECTED IN PARALLEL 
TEST DATA OF THE 15 hp RATED OUTPUT 125 
MINUTES RUN NO. 64 FOR THE SAMARIUM COBALT 
BASED MACHINE WHEN ARMATURE PATHS WERE 
CONNECTED IN PARALLEL-TEST SETUP (1) WAS 
USED, DATA TAKEN EVERY 5 MINUTES 
TEMPERATURE TEST DATA OF THE MPC SYSTEM 
(SAMARIUM COBALT BASED MACHINE) FOR THE 15 
hp RATED OUTPUT 125 MINUTES RUN NO. 64 AS 
INDICATED BY THEROMOCOUPLES DEFINED IN 
TABLE (5.1-1 ) -TEST SETUP (1) WAS USED, DATA 
TAKEN EVERY 5 MINUTES 

TEST DATA OF REGENERATION RUNS FOR THE 
SAMARIUM COBALT BASED MACHINE WHEN 
ARMATURE PATHS WERE CONNECTED IN PARALLEL 
TEST DATA OF MOTORING RUNS FOR THE 
STRONTIUM FERRITE BASED MACHINE WHEN 
ARAMTURE PATHS WERE CONNECTED IN PARALLEL 
TEST DATA OF THE 15 hp RATED OUTPUT 145 
MINUTE RUN NO. 3 FOR THE STRONTIUM FERRITE 
BASED MACHINE WHEN ARMATURE PATHS WERE 
CONNECTED IN PARALLEL - TEST SETUP (1) WAS 
USED, DATA TAKEN EVERY FIVE MINUTES 


9 



TABLE (5.2-7) 



.■ 



i 

/ 



TABLE (5.2- 


8 ) 


TABLE (5.4-1) 

TABLE (5.4-2) 
TABLE (5.4-3) 

TABLE (5.4-4) 

TABLE (5.4-5) 

TABLE (5.4-6) 

TABLE (5.4-7) 


TEMPERATURE TEST DATA OF THE MPC SYSTEM 
(STRONTIUM FERRITE BASED MACHINE) FOR THE 15 
hp RATED OUTPUT 145 MINUTES RUN NO. 3 AS 
INDICATED BY THEROMOCOUPLES DEFINED IN 
TABLE (5.1-1)-TEST SETUP (1) WAS USED, DATA 
TAKEN EVERY 5 MINUTES 

TEST DATA OF REGENERATION RUNS FOR THE 
STRONTIUM FERRITE BASED MACHINE WHEN 

ARMATURE PATHS WERE CONNECTED IN PARALLEL 
CONSTANTS OF MPC SYSTEM LOSS FORMULA, 

EQUATION (5.4-1) 

SAMARIUM COBALT (parallel) MACHINE - MOTORING 
SAMARIUM COBALT (parallel) MACHINE 
REGENERATION 

STRONTIUM FERRITE (parallel) MACHINE 

MOTORING 

STRONTIUM FERRITE (parallel) MACHINE 

REGENERATING 

PERFORMANCE OF THE SAMARIUM COBALT AND 
STRONTIUM FERRITE MACHINES AT RATED POWER 
CONDITION 

PERFORMANCE OF THE SAMARIUM COBALT AND 
STRONTIUM FERRITE MACHINES AT PEAK POWER 
CONDITION 


V 



V, 


ORIGINAL PAGE 19 
OF POOR QUALITY 



‘H 

■3 


i 


10 




4 






ORIGINAL PAGE !S 
OF POOR QUALITY 


1.0 INTRODUCTION 


1.1 BACKGROUND 

Public and U. S. Government attention to the undesirable conse- 
quences cf national dependence on foreign sources for supplying the 
nation's needs of petroleum and its various products has been brought 
into sharp focus by events which took place in the early 1970's, and 
continued on throughout the decade of the seventies. A large portion 
of the nation's petroleum needs is consumed in the form of gasoline 
used for transportation purposes, particularly in private vehicular use. 

A substantial portion of this private vehicular utilization is for pur- 
poses of urban and suburban commuting, and other relatively short lo- 
cal trips, for which storage battery powered electric vehicles may be 
quite suitable. Such electrically powered vehicles appear to represent 
an attractive alternative, particularly in view of the ease with which 
one can convert various forms of energy from sources other than petro- 
leum into electric energy. Examples of such alternative "petroleumless" 
energy sources include: 

1. fission type nuclear power plants in which the energy released 
from the nuclear fuel fission process, in the form of heat, is 
converted to electric energy by means of conventional steam 
generator-turbine-generator systems, 

2. coal fueled power plants, where heat is again converted to 
electric energy by means of conventional boiler-turbine genera- 
tor systems, 

3. solar and fuel cells in which solar and chemical energy are 
converted directly into electricity, and 

4. prospective future nuclear fusion based power plants in which 
generation of electric energy may be accomplished either 
through a direct energy conversion process, or through con- 
version to heat, which is then converted to the electric form 
by means of steam generator-turbine-generator systems, whcih 
perhaps would be similar in nature to existing conventional 
systems found in central power stations. 

This background of facts and events led the U.S. Department of 
Energy (DOE) to the initiation of resaarch programs in the areas of 
electromechanical propulsion and electrical energy storage (battery) re- 
search and development. This research included utilization of state of 
the art technology in the development of improved and new components 



of electromechanical drive trains for propulsion of electric vehicles. 
This research effort was managed through an interagency agreement by 
the National Aeronautics and Space Administration (NASA). 

A major component in such a drive train is the prime mover. In 
this case, the prime mover is a dc electric motor. Usually such a motor 
is of the conventional brush type traction motor class (series would or 
heavily compounded shunt motor). Hence, the focus of this investiga- 
tion was directed toward the development of alternative brushless dc 
prime mover systems with better potential for further improvements in 
performance, and perhaps more adaptability to electric passenger vehi- 
cle applications. 

The recent development of high energy product permanent magnets 
(rare earth samarium-cobalt alloys), and the development of high power 
solid state switching devices (power transistors and SCR's) have made 
it practical to construct electronically commutated brushless dc motor 
systems, see Reference [1-4]. 1 These systems usually consist of an 
electrical machine connected to a solid state power conditioner (PC). 
The electrical machine consists of a three phase wound armature mount- 
ed on the stator, and a rotor which consists of a steel shaft on which 
permanent magnets (made from samarium-cobalt or strotium-ferrite for 
example), are mounted, in order to provide the magnetomotive force ne- 
cessary for rotor excitation. The three phase armature terminals of the 
machine are in turn connected to the power conditioner (PC) which 
consists of a three phase full wave inverter/converter bridge in series 
with a two-quadrant chopper circuit with its two terminal energy source 
side connected to the dc source. The dc source is naturally a storage 
battery in case of installation of such a system in an electric vehicle. 
A schematic block diagram of such a system is shown in Figure (1.1-1). 

Power flows from the dc source to the machine-power conditioner 
(MPC) system, with the inverter/converter bridge functioning as an in- 
verter during the motoring mode. Also, during motoring the two quad- 
rant chopper may be used for dc line current magnitude limiting and 
control. Thus, in turn, the chopper controls the motor torque and 
speed. 

Power flows from the mechanical load (stored energy associated with 
the vehicle inertia and speed), when the machine is functioning as a 
generator in the regenerative braking mode, while the inverter/convert- 
er bridge is functioning as a converter (full wave rectifier bridge). In 
this regenerative braking mode of operation, the two quadrant chopper 


1 See a separate list of references provided at the end of each chapter 
in this report. 
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MACHINE POWER-CONDITIONER SYSTEM BLOCK DIAGRAM 



POWER FLOW DURING MOTORING 
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Figure (1.1-1) Functional Block Diagram of a Brushless 
DC Prime Mover System in an Electric Vehicle from DC 
Source to Wheels 
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is used for dc line current magnitude limiting and control. It also 
functions as a voltage booster to enable one to feed current into the 
battery, against the internal dc source (battery) emf. The motoring 
and regenerative braking modes of operation of the MPC system are re- 
quired since the system subject of this work must be designed to meet 
the rigors of the SAE standard J227a - Schedule D, driving cycle, sc*^ 
Reference [5] . 

A brush,’ "iss dc MPC system has a number of advantages over a con- 
ventional brush type dc traction system. Some of these advantages can 
be summarized as follows: 

1. The elimination of the classical brush type commutator allows 
one to design such machines for operation at much higher 
speeds than conventional brush type dc machines. Such high 
rated speeds lead to considerable reduction in weight and vo- 
lume of these electronically commutated brushless machines in 
comparison with brush type machines of the same rated horse- 
power. 

2. The use of permanent magnets leads to the elimination of rotat- 
ing armatures. Accordingly, with the resulting stationary ar- 
mature, considerable improvement in the thermal characteristics 
of such motors can be achieved for a given horsepower rating. 

3. The elimination of a rotating armature leads to a number of ad- 
ditional armature winding design simplifications, as well as 
electromechanical modeling simplifications that render analysis 
and improvements easier to perform. 

4. The brushless MPC systems lend themselves much more readily 
'to further improvements in efficiency and ease of construction 

resulting from fast developing technologies in solid state power 
switching, magnet materials, and bearing technology than con- 
ventional equivalent systems. 

The emergence on the scene of sophisticated computer aided design 
techniques, has led to the development of very powerful tools for the 
design of such brushless dc MPC systems. These powerful tools center 
on 

1. the ability to numerically analyze the magnetic fields within ma- 
chines such as those used in the dc brushless systems at 
hand, using methods such as the finite element (FE) technique, 
and hence one can determine with relatively good certainty the 
values of parameters associated with such machines, as winding 
inductances, emf waveforms, losses, etc., see References [6] 
through [9]. 

2. the ability to use these parameters in models which numerically 
simulate the dynamic performance of such dc brushless MPC 
systems, including the effects that such parameters have on 
the electronic commutation process, etc., see References [4] 
and [10] through [12]. 
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Accordingly, by means of employing these computer aided design tech- 
niques one is able to predict, with a high degree of certainty, peak 
and rated power capabilities and other critical performance characteris- 
tics of such MFC systems during the preliminary design stages. These 
are the stages during which design modifications, which would be ne- 
cessary to meet critical performance requirements, can be made easily 
and without costly modifications to constructed hardware that may oth- 
erwise would have been built and found inadequate. This design pro- 
cess will be clearly highlighted and detailed in later chapters of this 
report. 

In light of the above background, the goals set by NASA/DOE were 
envisaged in two phases for this project. Phase (I) and Phase (II). 
These goals and the accomplishments achieved throughout this investi- 
gation are discussed in Section (1.2) of this report. 


1.2 THE PROJECT GOALS AND ACCOMPLISHMENTS 

This project was conceived by NASA/DOE to be carried out in two 
stages or phases. Phase (I) and Phase (II). Phase (I) was envisaged 
as that during which a functional MPC system (breadboard PC and a 
preliminary motor) would be built and tested. The experience gained in 
Phase (I) would serve as the starting point from which Phase (II) of 
this project would be launched. Phase (II) was envisaged as that por- 
tion of the project during which the data base accumulated in Phase 

(I) , in addition to the sophisticated computer aided design methods of 
References [6-12], would be used to obtain and execute an engineering 
design of an MPC system (or systems), and test such a system to en- 
sure that it meets all the power and other performance requirements. 
The Phase (II) design of the MPC system is supposed to bring closer to 
fruition the goal of practical (or even mass) production of such a sys- 
tem for installation in electric vehicles. 

The intended MPC systems to be constructed under Phases (I) and 

(II) were supposed to provide the capability of propulsion of a 1363 Kg 
(3000 Lb.) passenger vehicle over a standard SAE J227-a Schedule D 
drive cycle, of repeated application for two continuous hours, see Re- 
ference [5]. This cycle is of a total duration of 122 seconds. Accord- 
ing to the specifications of this cycle. Figure (1.2-1), an MPC system 
must be capable of accelerating such a 1363 Kg vehicle from a speed of 
zero km/H to a speed of 72.5 km/H (45 mph) in 28 seconds. According 
to the above drive cycle, this is followed by a 50 seconds period of 
cruising at 72.5 km/H (45 mph), followed by a period of coasting of 10 
seconds, during which a vehicle is brought to stand still (zero speed). 
To complete the 122 seconds drive cycle, a period of idling 25 seconds 
long follows the braking period. Also, the intended MPC systems were 
required to have the capability of propelling such a vehicle at a cruis- 
ing speed of 88.5 km/H (55 mph) for two hours, as well as propelling 
the same vehicle at a speed of about 48 km/H (30 mph) over a hill of 
10% gradient for a period of one minute. 
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The above design constraints led NASA/DOE to specify that the MPC 
systems which were to be developed during the course of this investi- 
gation, that is Phases (I) and (II), must meet the capability of a conti- 
nuous two hours rating of 15 hp (11.2 kw) and peak one minute rating 
of 35 hp (26.1 kw). It was further specified that the tests for peak 
power rating of 35 hp must immediately follow the two hours 15 hp con- 
tinuous rating tests, with the machine and power conditioner tempera- 
tures at their highest rated values. 

It was further stipulated that these MPC systems must be capable of 
regeneration at rated (15 hp) and peak power (35 hp) conditions. All 
the above power ratings were to be accomplished using an external dc 
source of 120 volts. 

At this stage, a summary of the salient goals accomplished during 
Phases (I) and (II) is desirable. It must be emphasized that the main 
thrust of this report is intended to report the details of the work ac- 
complished in Phase (II) since much of its accomplishments have ren- 
dered the work of Phase (I) absolute. Hence, Phase (I) is reported on 
to the extent necessary to provide the proper background to design 
decisions taken in the course of performance of Phase (II). 

In Phase (I) the following is a summary of the main accomplish- 
ments: 

1. A 4-pole, samarium-cobalt based permanent magnet, 15 slot 
three phase armature, brushless dc machine was designed, 
constructed and tested. 

2. A solid state transistor based power conditioner, which consists 
of a two quadrant chopper in series with a six legged inverter/ 
converter bridge was designed and built in "breadboard" form 
to operate the 4-pole machine mentioned above. 

3. The above MPC system, see the block diagram schematic of 
Figure (1.1-1), was tested for continuous and peak power rat- 
ing capabilities, as well as losses and efficiency. The MPC 
system was found to be capable of developing a 15 hp output 
for a period of two continuous hours, at an overall MPC system 
efficiency of about 78.6%. 

The MPC failed during testing to meet the requirement of a peak 
one minute rating of 35 hp output. The peak one minute rating was 
found to be about 22 hp. This limitation was not due to the motor, 
which could have met that output requirement of 35 hp easily on the 
basis of both its tested thermal, electromagnetic, and mechanical char- 
acteristics. However, the power conditioner was found to be the weak 
link in that Phase (I) MPC system. Voltage transients across the power 
transistors led to failure of switching elements in the inverter/converter 
bridge, as well as in the chopper at ratings higher than 22 hp output. 
Major design changes in the power conditioner would have been re- 
quired. These changes were beyond the scope cf Phase (I), and were 
left for the Phase (II) effort of designing, constructing and testing an 
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improved power conditioner. Further details on the Phase (I) system 
are to be found in Appendices (5) and (12). 

The experience with the motor of Phase (I) highlighted the high 
cost of rare earth samarium cobalt materials, and the difficulties which 
may be encountered wtih cobalt with regard to availablity and security 
of supply. This would be an important factor if such a motor design 
gained widespread use in vehicular propulsion. These aspects prompted 
these investigators in concurrence with NASA/DOE to obtain two diffe- 
rent designs for the machine associated with this MPC system. The 
first design was an improvement on the Phase (I) motor, with samarium- 
cobalt still used as a permanent magnet material, for supplying rotor 
excitation. The second design was developed assuming the use of the 
cheaper and more readily available strontium ferrite as the permanent 
magnet material used for rotor excitation. Both designs were imple- 
mented in such a manner that both machines can be operated from the 
same power conditioner. Accordingly, the following is a summary of the 
main accomplishements achieved during the course of Phase (II): 

1. A 6-pole, samarium cobalt based permanent magnet, 18 slot 

three phase armature, brushless dc machine was designed, 

constructed and tested. 

2. A 6-pole, strontium ferrite based permanent magnet, 18 slot 

three phase armature, brushless dc machine was designed, 

constructed and tested 

3. A solid state transistor based power conditioner, was designed 
and built to operate both of the samarium-cobalt based and 
strontium-ferrite based machines of Phase (II). The power 
conditioner consists of a two quadrant chopper in sines with a 
six legged inverter/converter bridge. 

4. The above power conditioner, see the block diagram schematic 
of Figure (1.1-1), was tested for operating the samarium cobalt 
based and strontium ferrite based machines mentioned above. 

(4. a) In case of operation of the Phase (II) power conditioner (PC) 
in conjunction with the samarium cobalt based machine of Phase 
(II), the MPC system was found to be capable of developing a 
15 hp output for a period of two continuous hours, at an ove- 
rall MPC system efficiency of about 87V Furthermore, the 
MPC system achieved the requirement of a a peak one minute 
rating of 35 hp output at an overall MPC system efficiency of 
77%. 

(4.b) In the case of operation of the Phase (II) power conditioner 
(PC) in conjunction with the strontium ferrite based machine of 
Phase (II), the MPC system was found to be capable of devel- 
oping a 15 hp output for a period of two continuous hours, at 
an overall MPC system efficiency of about 84%. Furthermore, 
the MPC system achieved the requirement of a peak one minute 
rating of 35 hp output at an overall MPC system efficiency of 
71%. 
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The following chapters will detail the steps of development of prel- 
iminary designs, final designs, construction, testing and performance 
characteristics of both systems of Phase (II). Specifically, Chapter 

(2.0) is dedicated to the MPC system component description, motor- 
power conditioner interaction, and discussion of the key design param- 
ters. In Chapter (3.0) the preliminary designs fo the samarium cobalt 
based, an strontium ferrite based machines are arrived at, then ana- 
lyzed by state of the art computer aided design methods, using finite 
elements for motor parameter determination, and dynamic simulation 
methods for motor-power conditioner performance analysis. On the ba- 
sis of these analysis results, both machine designs are finalized in 
Chapter (3.0). In Chapter (4.0) the PC design steps are detailed. 
Meanwhile, in Chapter (5.0) the test procedure, test results and re- 
sulting analysis of performance of both motor systems of Phase (II) are 
given. Based on the results of Chapter (5.0) and the work detailed in 
the previous chapters an improvement assessment is made in Chapter 

(6.0) for both machines of Phase (II) and their power conditioner. 
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2.1 MOTOR-CONDITIONER SYSTEM COMPONENTS 

The major components of the motor-conditioner system are the 
motor, which converts the energy from electrical to mechanical form, 
the power electronics, which convert the electrical energy from dc to ac 
of the proper frequency and phase (and vice-versa during regenerative 
braking), and the low-level electronics, which receive information 
concerning the state of che system and the desired operation and 
furnish the appropriate control signals to the power electronic* This 
arrangement is shown schematically in Figure (2.1-1). Each of these 
major components can be divided into smaller component groupings. 
These more detailed component groupings are described below. 

The motor itself can be divided into several components. The rotor 
consists of a shaft on which are milled six flat surfaces for mounting 
the magnets. These magnets (either samarium-cobalt or strontium 
ferrite) furnish the magnetic excitation for the field of the machine. 
The region of the shaft on which the magnets are mounted serves as a 
yoke for conducting the flux between poles. Surrounding these 
magnets is a non-magnetic steel sleeve which serves to hold the magnets 
securely in place. After this sleeve has been shrunk into place, the 
entire rotor assembly is plotted to insure dimensional stability of the 
magnet positions. This rotor is mounted to the stator by means of 
sealed ball bearings. 

The stator consists of the housing, the lamination stack, and the 
windings. The totally enclosed, non- ventilated housing, which protects 
the motor from dust and other adverse environmental factors, is made 
of black anodized aluminum for good heat transfer. The silicon steel 
laminations have eighteen slots, as shown in Figure (2 1-2) for the 
samarium-cobalt and strontium ferrite machines. These eighteen slots 
provide for one slot per phase per pole. In each slot are four coil 
sides, each coil consisting of four turns, each turn consisting of 12 
strands of No. 16 AWG magnet wire. The coils are connected in series 
into two windings per phase. These windings can be connected in 
series for low speed, high torque operation or in parallel for high 
speed, low torque operation. 

Attached to the motor at the end opposite the output shaft end is a 
position sensor. The fuction of this sensor is to measure the rotor 
position at 30° (electrical) intervals and to transmit this information to 
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the low-level control electronics for processing. This sensor consists of 
a set of six magnets attached to the rotor which set up a radial field 
pattern similar to the main field. On the stator, just outside of these 
magnets are mounted two sets of three Hall sensors each. Within ea<*h 
set, these sensors are mounted 120 electrical degrees apart. When 
acted upon by the magnets, which have a flux pattern which changes 
every 180 electrical degrees, an appropriate change occurs in the 
electrical output every 60 electrical degrees. The second set of 
Hall-Effect sensors is identical to the first, but is mounted at a position 
equivalent to 30 electrical degrees away from the first set. This 
provides a second set of switching signals in the proper phase to 
provide for advanced firing of the inverter transistors when this is 
necessary. 

The signals from the rotor position sensor, processed by the 
low-level electronics, control the power electronics so as to apply to the 
motor the phase current pattern shown in Figure (2.1.3). In this 
figure, the commutation of the phase currents is accomplished by the 
three phase inverter/converter (motoring/ regenerative braking) bridge 
comprising the six transistors, Qj through Qg, and the six diodes, 

through Dg. The current control is accomplished by the two quadrant 

chopper comprising transistors and Qg diodes and Dg. 

In the motoring mode the chopper regulates the current to the motor 
by turning on Q^ if the inductor current is too low. When the inductor 

current has increased by a predetermined increment beyond the set 
value, Qjyj turns off, and the inductor current flows through diode 

until it has decreased to the value which causes Q^ to turn on. 

During regenerative braking, the transistor Qg is turned on until the 

inductor current has risen by an increment above the set value. Qg is 

then turned off, and the inductor current flows through Dg and into 

the battery. 

In the motoring mode, proper switching of Qj through Qg leads to 

phase a, b and c waveforms such as are idealized in Figure (2.1-3). 
In this figure one can see the existence of six distinct armature states. 
This establishes in the motor a stator (armature) mmf which travels in 
discrete jumps of 60 electrical degrees. The rotor mmf (magnets) is 
continually forced to follow that motion. The result is equivalent to a 
synchronous machine in which the torque angle (between the two mmfs) 
varies during each switching cycle between an initial 120° and a final 
60° electrical angle. For advanced firing of the transistors, this angle 
varies between 150° and 90° electrical as shown in Figure (2.1-4). 
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MOTOR POWER CONDITIONER SCHEMATIC AND IDEALIZED 
MOTOR CURRENTS 


FIGURE (2.1-3) Motor- Power Conditioner Network Schematic 

ROTOR Iff ROTOR Iff 

BEGINNING « MAH ENO Of STATE 

l }WT" HIU / 

* ' * 


'ROTOR 


ELEC- 
120° ELEC. J 


STATOR NNF 


ROTOR IW 


NORMAL INVERTER FIRING (SNITCHING) 


BEGINNING OF STAy a£H 

.ROTO* !W 
JEHD OF STATE 


n ' 

i i 

■, 1 • ROTOR 

rvrO ri rr 


150° ELEC. 


: l 


Y 


STATOR Iff 


30° ELECTRICAL ADVANCED INVERTER FIRING (SNITCHING) 

FIGURE (2.1-4) Advanaced Firing Concept 


lanOIMfil WOE » 

OP POOQ QUALITY. 


25 








The diodes, Dj through Dg, provide current paths during the 

switching operation when the inverter transistors are momentarily off. 
They also function as a three-phase full wave rectifier bridge in the 
regenerative braking mode. Diode provides a path tor the 

inductor current during the switching instances when the path through 
the inverter is momentarily blocked. 

In order to minimize the power devices used, which reduces cost, 
and to prevent any accidental firing of and Qg simultaneously, a 

single transistor was used for both functions. This transistor was 
switched between the two positions by means of a DPDT relay. 

The inductor, L, served to reduce the frequency of the chopper 
operation, thereby reducing the switching losses. This inductor, 
consisting of 25 turns of 10 strands of No. 8 AWG magnet wire on a 
triple thick L-10 core, had an inductance of 425]iH at 200A. in order 
to maintain the hysteresis between turn on and turn off of within 

I5A, the maximum chopping frequency is about 4.5KHz. 

Each power transistor is driven by a base drive circuit. This 
circuit receives a signal from the low-level electronics through an 
optical coupler for voltage isolation and furnishes a current of 
sufficient amplitude to saturate the power transistors. It is also 

capable of driving the power transistor base negative with respect to 
the emitter so as to ren.ove rapidly the stored charge during turn-off. 
Each base drive circuit is powered by a separate output module of a 
multiple output d.c. power supply. 

In order to prevent excessive voltage spikes during turn-off of the 
power transistors, each inverter transistor was furnished with a 
snubber circuit consisting of a diode shunted resistor and a capacitor 
as shown without detail in Figure (2.1-5). These snubbers were not 
adequate for the chopper transistor. Therefore, the collector and 
emitter terminals of this transistor were clamped to the positive and 
negative busses to further reduce voltage spikes. This method, which 
is shown in Figure (2.1-6), although very effective in reducing the 
amplitude of the spikes, caused some increase in switching loss. 

The commutation control function of the low-level electronics was 
accomplished by a pair of 256 x 4 programmable read-only memories 
(PROMS) type N825126. The configuration of the low-level control 
electronics is shown schematically in Figure (2.1-7), the eight inputs to 
these PROMS consisted of the six rotor position sensor outputs together 
with signals representing the selection of forward/ reverse operation and 
normal/advanced firing of the inverter transistors. Six cf the PROM 
outputs (three from each PROM) were used to control the six inverter 
transistors. The other output of each PROM was used as an alarm 
signal to indicate an illegal combination of input signals from the rotor 
position sensor. Each PROM was equipped with two "inhibit" inputs. 
One of these inputs was used to shut down the inverter in case of 
certain alarm signals. The other was used to inhibit the inverter 
operation in the braking mode. 

: ?'V7 TA WOW j 
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The other major component of the low-level electronics package was 
the accelerator/brake torque control. This control provided the signal 
to the chopper transistor to maintain the proper current through the 
system. Two Hall effect current sensors were placed in series with the 
filter inductor. One of these was used to measure current in the 

motoring mode, the other in the regenerative braking mode. Each of 
these sensors was buffered by an operational amplifier which also 
served to balance the output to zero when the inductor current was 
zero. The output of these buffer amplifiers was compared to the 
buffered output of the accelerator and brake potentiometers. The 

difference was fed to a pair of op-amps which contained a small amount 
of positive feedback so as to saturate either positive or negative with 
enough hysteresis to establish the desired hysteresis in the inductor 
current. Details with the necessary schematics are given later in 
Chapter (4.0). 

A signal, taken directly from the brake potentiometer, was amplified 
and used to control the relay which switches the chopper transistor 
from the motoring to the braking position. A 500 m second pulse 
generator was used to turn off the chopper transistor during the 
switching process from motoring to braking or vice-versa. This 
insured that all switching was done "dry ", and permitted the use of a 
much smaller relay contact than would otherwise have been possible. 

A circuit was also provided to control a relay for switching from 
parallel to series operation of the motor at low-speed, high-torque 
operation. Since the drive cycle specifications can be met without 
series operation, this relay has not been included. However, the 
inclusion of the control electronics would make the addition of such a 
relay a simple matter. The same pulse generator which turns off the 
chopper transistor during motoring/braking switching is connected to 
turn the transistor off during series/parallel switching also, so as to 
insure "dry" switching. 

Three protective circuits have been provided, any one of which, 
when activated, will inhibit the ROMs and turn off the inverter. The 
first, which has been mentioned above, is activated by the ROMs 
themselves in case of an illegal rotor position sensor command. The 
second responds to a measurement of excessive inductor current. The 
third detects and responds to an excessive difference between the two 
current sensors. If any of these alarm signals is activated, an alarm 
toggle circuit is energized and furnishes the inhibit signal to the ROMs. 
The low-level electronics package is powered by three separate output 
modules in the same dc supply package which powers the base drives. 

2.2 MOTOR-CONDITIONER INTERACTION 


The electromagnetic interactions between the PCU (power conditioner 
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unit) and the machine during motoring are explained by examining the 
relationship between the stator mmf, produced by the injected phase 
currents, and the mmf distribution produced by the permanent magnet 
rotor. The stator mmf is produced by the injected three phase 
currents. The injection of these currents is accomplished by the three 
phase inverter bridge shown in Figure (2.2-1). The injected phase 
currents are shown as rectangular blocks of current of 120 electrical 
degrees duration. The phase relationship between these currents and 
the open circuit phase to neutral emfs during the motoring mode of 
operation are given in Figures (2.2-2) and (2.2-3) for 0° and 30° 
commutation advance, respectively. The status of the six inverter 
transistors during a complete ac cycle are also given in these figures. 
Inspection of these figures reveals that each ac cycle can be divided 
into six discrete current states of 60° electrical duration. 

In machines with one slot per pole per phase, as is the case here, 
the stator winding, when carrying such currents, produces a spatial 
mmf distribution in the air-gap, such as shown in Figure (2.2-4). This 
mmf interacts with the spatial air-gap mmf distribution produced by the 
permanent magnet rotor. These mmfs produce torque on both the 

rotor and stator assemblies that is proportional in magnitude to the 

product of the positive mmf peaks times the sine of the angle between 
them. The magnitude of the stator mmf is proportional to the 
magnitude of the current flowing in the stator winding, while the rotor 
mmf is constant because it is supplied by permanent magnets (poles). 
Therefore, the machine torque is a function of only the stator current 
and the displacement between the rotor and stator mmfs, as shown in 
Figure (2.2-5). Examination of the torque equation giver* in this figure 
reveals that the average machine torque is maximized by centering the 

stator phase current conduction period around the point where the 

rotor and stator mmfs are displaced by 90 electrical degrees, that is 
zero commutation advance. The conduction period during each current 
state is for 60 electrical degrees, therefore for maximum average 
torque, the phase current is switched "on" when the mmfs are 120 
degrees apart, and switched "off" when this angle closes to 60 degrees. 
During one complete period of the stator phase currents (360 electrical 
degrees) this pattern is repeated six times, resulting in a stator mmf 
which takes discrete jumps (or hops) of 60 electrical degrees at a time 
as shown in Figure (2.2-4). The six jumps per cycle result in the 
idealized torque profile shown in Figure (2.2-5). Machines with mmfs 
of high harmonic content, on the other hand, produce torque profiles 
which are more triangular in nature with sharper peaks depicted by the 
dashed line. 
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(2.2-2) Inverter Switching Sequence During Motoring, 
0° Commutation Advance. 
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idealized motor phase currents 


FIGURE (2.2-4) Discrete Hopping Nature of the Stator MMF. 
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EXPECTED TORQUE -TIME PROFILE 


FIGURE (2.2-5) Machine Torque Production 
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The above description is valid for most loads encountered during 
the motoring mode of operation including the rated 15 hp point. Under 
heavy loads, however, such as the peak 35 hp point, the phase 
currents are injected 30 electrical degrees earlier than in the previous 
case in order to reduce the magnitude of the phase back emfs opposing 
the current buildup. This advance in the injection of the phase 
currents with respect to the phase back emfs is referred to as 
advanced firing or 30 degree commutation advance. The effects of 
advanced firing on the overall system performance are discussed in 
greater detail in the Section (2.3). 

In terms of machine torque production, however, the effect of 
advancing the firing angle is a dramatic increase in machine torque at a 
given speed due to a higher current buildup, but with a much larger 
torque ripple. The higher machine torque is due to the increased rate 
of current buildup in this case. 

In terms of the relationship between the stator and rotor mmfs, the 
advanced firing means that at the beginning of a state these mmfs are 
separated by 150 degrees electrical. Since the period of a given 
current state lasts for 60 electrical degrees, the angle between the two 
MMF’s shrinks to 90 degrees electrical at the end of that state. 
Therefore at the beginning of a state, the electromagnetic torque, T #m , 

is given by 


T = *<M D M C sin 150° 
em R S 

while at the end of a state T _ becomes 

(fn 

T = kM a M c sin 90 ° 

©ITi n p 

This pattern is repeated six times per electrical cycle, resulting in the 
idealized torque profile given by the solid line in Figure (2.2-6). The 
dashed line represents the corresponding torque profile. For zero 
commutation advance with the stator and rotor magnitudes of the mmfs 
and M^ held constant. Notice that the commutation advance of 30 

degrees results in a much larger torque ripple (50%) versus (13.4%) for 
zero advance. There is also a decrease in the average value of the 
torque constant (sensitivity). In the case of zero advance, the average 
torque is given by 


Average [T ] 

•V 


120 ° 

'• (6kMgM^/2w) / sinfldB = 0.955 p.u. 
60° 


( 2 . 2 - 1 ) 


For the case of advanced firing we have 
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FIGURE (2.2-6) Idealized Machine Torque Profile* with 
0° and 30° Commutation Advance 
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Average 


lT em 30 o J 


90° 

= (6kMgM^/2ir) / sinOdO = 0.827 p.u. 
30° 


( 2 . 2 - 2 ) 


Therefore the p»-rant reduction in the average torque (horsepower) at 
a given operating point is 

Torque Reduction = ( (0.955-0. 827 )/0. 955 J x 100 = 13.4% (2.2-3) 

It will be shown later in this report that this small reduction in the 
average value of the electromagnetic torque constant is more than 
compensated for by the much larger values of phase currents, and 
hence that can be achieved by advancing the firing by '’0 degrees 

at a given machine speed. In fact it will be demonstrated later by 
means of both test and simulation results that both the samarium cobalt 
and strontium ferrite machines could not have reached the peak one 
minute rating of 35 hp without this shift in the firing ang!e. 

It must be emphasized that the torque profiles given in Figures 
(2.2-5) and (2.2-6) are only approximate. This is due mainly to the 
following three factors: 

1. The phase currents cannot be switched instantaneously due to 

winding inductances. Consequently the mmfs do not jump 

instantaneously during the transition from one current state to 
another. This point is illustrated in Figure (2.2-7) by means 
of the idealized and the more realistic torque profiles during 
advanced firing. The realistic torque profile reflects the fact 
that in an actual machine the mmfs do not change 

instantaneously and hence the length of the commutation 

period, 6 , is greater than zero. 

c 

2. The phase voltages and currents contain harmonics which 

influence the machine torque. The phase voltages were 

assumed sinusoidal and the currents rectangular as shown in 
Figures (''.2-2) and (2.2-3), for purposes of this initial 
analysis. 

3. The effects of magne:ic saturation in the machine are neglected 
for purposes of this initial analysis. These effects are all 
included later in Chapters (3 0) and (4.0) on the dynamic 
simulation model of the system. 
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2.3 DISCUSSION OF IMPACT OF KEY DESIGN PARAMETERS ON 

SYSTEM RATING 

The question of whether or not a given machine-power conditioner 
design can meet its specified ratings depends largely on the behavior of 
the phase currents during the commutation period. Four factors which 
strongly influence this behavior are: I) the maximum dc supply voltage 
2) the winding inductances, 3) the induced winding emf waveforms, and 
4) the instant in time at which commutation is initiated. In this work, 
the dc supply voltage was constrained to a maximum value of 120 volts. 
Therefore, this section will concentrate on the impact of the remaining 
three factors on the system performance and rating, subject to this dc 
voltage constraint. The analysis presented in this section is for 
illustrative purposes only. Details on the computer aided design and 
analysis performed in support of this project are given in Chapters 
(3.0) and (4.0). 

The key factor affecting the maximum power rating of a given 
machine-power conditioner system is whether or not a current of a 
specified magnitude can be successfully commutated from one phase to 
another at the rated speed. If for example, the winding inductances 
are too large, then the period required to perform this commutation may 
exceed the maximum time allowed for this process at the given speed. 
In such cases, the phase currents would not build up to the specified 
values, and hence the machine output power would be reduced. The 
emfs and commutation angle can have similar impact on the machine 
output. 
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2.3.1 DESCRIPTION OF COMMUTATION 

The rectangular block (wave) nature of the three phase machine 
currents produces a stator mmf which ideally takes instantaneous jumps 
of sixty electrical degrees at the onset of each current state. In other 
words, the phase currents are commutated instantaneously. In reality, 
the stored magnetic energy associated with the machine windings, due 
to the winding currents, precludes the possibility of such instantaneous 
jumps of the stator mmf. The magnitude of the stored energy is 
proportional to the values of the winding inductances and proportional 
to the square of the winding currents. Therefore, the winding 
inductances play a key role in how close to the ideal case would a given 
machine-power conditioner system behave especially at peak ratings 
where the winding currents reach their maximum. 

Another factor which affects the overall machine-power conditioner 
rating and performance is the shape and magnitude of the induced 
winding emf waveforms. In order for the machine to cperate in the 
motoring mode, the line to line induced winding emfs must be lower 
than the battery voltage minus all the ohmic (iR) drops. The rate of 
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current buildup during this mode of operation is a linear function of 
the difference between the battery voltage (minus all iR drops), and 
the opposing winding emf. Since the magnitudes of the winding emfs 
are linearly proportional to the machine speed, the rate of current 
buildup is therefore inversely proportional to the machine speed. 
Consequently, both the shape and magnitude of the emf waveform at a 
given speed and load are important factors that need to be examined in 
such systems. 

In addition to varying the machine inductances and emfs, one can 
control the maximum-power rating of the machine-power conditioner 
system by varying the instant of firing of the inverter transistors with 
respect to the induced phase winding emfs. The instant of this firing 
is referred to here as the commutation angle, and was discussed in the 
previous section. 

The impact of these three factors or. the system ratings and 
performance w>ll be illustrated here by means of a typical example. In 
particular, the process of commutating the current from Phase a to 
Phase b will be examined in detail. 

The current pattern in the machine-power conditioner unit during 
the transition from positive current in Phase a to positive current in 
Phase b is shown in Figure (2.3-1). During this commutation period, 
the current in Phase a decays from its initial average value of 1 pu to 
zero, while the current in Phase b builds up from a value of zero to 1 
pu. The relationship between the phase currents and emfs during this 
period is displayed in Figure (2.3-2) for the case where there is no 
commutation advance. The commutation period, t^, in this case, is 

defined as the time interval between the points in time at which 
transistor is switched off (start of commutation) and the point in 

time at which ceases conduction (end of commutation). 

There are three possible commutation patterns depending upon 
speed, load, etc. These three patterns are shown in Figure (2.3-3). 
The first of these. Case 1, occurs when the decaying current, i g , 

decreases at a faster rate than the rising current, i^. This occurs 

when the machine is operating near maximum speed. The change in the 
slope of the rising current at the point in time, t = tj, is due to the 

turn off of diode when i reaches zero. Notice that this causes the 

chacteristic notch in the current waveform, see Figure (2.3-4). In the 
second case, the magnitudes of the slopes of i and i^ are equal. This 

is due to equal time constants associated with the transients of the 
decaying and rising currents. In this case there is no reflected 
transient in i . The third case occurs at low machine speeds when the 

V# 

rising current, i^, increases at a more rapid rate than the rate at 
which the current, i , decreases. Notice that in this case the current 
transient is a spike rather than a notch. 




' The Machine Power-Conditioner (MPC) System 

During a Commutation Period 
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Commutation of Phase Currents with o° Advance 



e = E tin ( wt + 30 - 6c ) 

a 

“ E tin ( wt - 90 - 6c ) 
e c = E tin ( a - 210 - 5c) 

FIGURE (2.3-2) Status of Phase Currents and EMFs During 

Commutation of Phase Current From Phase (a) to Phase (b), 

With a Commutation Advance Angle, 6=0°. 
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COMMUTATION TIME CONSTANTS DEPICTED BY 
OSCILLOGRAM OF PHASE CURRENT 



FIGURE (2.3-4) Actual Shape of the Phase Current at Rated 
Load Showing Commutation Periods, and t 2 - 
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Attention here will be focused on the first case, since it is 

applicable at the maximum power points, and therefore is important in 
determining the maximum rating of a given MPC system. The 
commutation period will be divided into two regions. The first, t«, 

corresponds to a period in which i decays to zero through diode, D^, 

while the second covers the period after turns off. This is the time 

during which i^ is still increasing, and occurs before diode, D^, turns 

off, see Figure (2.3-3). The actual shape of the Phase current under 
these conditions is shown in Figure (2.3-4). 


Simplified network models of the machine-power conditioner during 
these two periods are giver in Figures (2.3-5) and (2.3-6), 
respectively. Notice that during both and *2 the chopper inductor. 


l_£^, is effectively shorted by the diode. 



This is due to the fact 


that there is no path for the entire chopper inductor current through 
the inverter during the commutation period. Immediately after the 
completion of commutation, diode, 0 D , turns off and the circuit of 


Figure (2.3-7) can be used to approximate the MPC system 
performance. The machine model per Phase, in all three cases consists 
of a series connected resistance, inductance, and induced emf. 


THE FIRST COMMUTATION INTERVAL, 

The first commutation interval, t^, lasts from time, t = tj, to t = 

tj, see Figure (2.3-3). This is the period during which both diodes, 

and D^, are conducting. During this period, the Phase a current 

decays through diode, while thi Phase b current increases through 

transistor Qj. The diode, D^, provides a path for 'he chopper 

inductor current which is larger than the current through Phase b. 
The current passing through is equal to the difference between the 

choke current and the Phase b current. To simplify the analysis, and 
to avoid obscuring the discussion on the effects of the various factors 
on the system rating, the voltage drops in the switching elements will 
be neglected in this discussion. However, these voltage drops were not 
neglected in the design calculations. It also must be pointed out that 
these voltage drops are included in the detailed computer aided analysis 
of the system performance which is given in Chapter (4.0). 
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EQUIVALENT NETWORK MOOEL Of MFC SYSTEM - DURING COMWTATION 



FIGURE (2.3-5) Equivalent Circuit Model of MPC System 
During Commutation of Current from Phase a to Phase b 
Before the Recovery of Diode, D^ and D^. 
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equivalent network moor of m system 


(CHOPPER SHORTEO) 



FIGURE (2.3-6) Equivalent Circuit Model of MPC System 
During Commutation of Current from Phase a to Phase b 
Before the Recovery of Diode, D R and. After 

Recovery of Diode, D^. 
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Based upon the above mentioned assumptions, one can obtain the 
time derivative of by writing two Kirchoff voltage loop equations for 

the loops shown in Figure (2.3-5), in addition to one Kirchoff current 
equation at the neutral. After some simplifications this yields the 
following: 


(di b /dt) 

- « 2/3 > v bat - Vb - 'b> /L p 

(2.3-1) 

The Phase to 

neutral voltages, e , e. , and e , are defined in 
a d c 

Figure 

(2.3-2), and below as follows: 



e = Esin (wt * 30° - 6) 
a c 

(2.3-2) 


e b = Esin (wt - 90° - 6 c ) 

(2.3-3) 


e = Esin (wt - 210° - 5 ) 
c c 

(2.3-4) 

where, $ is 

the commutation advance in electrical degrees 

The 


amplitude of these er.-'s, E, is linearly proportional to the machine 
speed, N(RPM). The measured emf constants E JC and E #F for the 

samarium cobalt and strontrium ferrite machines respectively are 


E $c = 0.00689N Volts 
E $f = 0.00600N Volts 


(2.3-5) 

(2.3-6) 


The measuied values of effective winding inductances (phase-to-neutral 
- half-line-to-line) for the two machines are designated as L p and 

r SC 

L D for the samarium cobalt an strontium ferrite machines, 
*SF 

respectively, and have values as follows: 

L n = 44.95 wH (2.3-7) 

(2.3-8) 

The phase to netural winding resistances were also measured and were 
found to be equal to 


i 

= 44.95 

vH 

SC 



t 

= 46.00 

wH 

SF 




SC 

> 

SF 


= 0.00235 
= 0.00245 


Ohms 

Ohms 


(2.3-9) 

(2.3-10) 


Substitution of these machine parameters, in conjunction with an 
assumed battery voltage of 115 volts yields two expressions for the time 
derivative of i^, namely 

difa/dt | sc * l76.67-0.00235i b -0.00689Nsin(«t-90°-« c ))/44.95 < 10' 6 

- 1.706 * 10 6 -52.28i. - 153.3Nsin(wt - 90° - 6 ) (2.3-11) 

D C 


and 
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dl b /dt| SF = 176 67-0. 00245i b -0.006N*in(«t-90°-« c )]/46.00 * 10' 6 

s 1.667 * 10 6 -53.26i. -130.4Nsin(wt-90°-6 ) (2.3-12) 

D C 

Inspection of Figures (2.3-2) and (2.3-3) reveals that at the beginning 
of the commutation period under consideration t = t|, wt equals 120 

electrical degrees. Substitution of wt = 120 electrical degrees into 
Equations (2.3-11) and (2.3-12) gives the initial rate of current buildup 
at the start of the commutation period. The value of th ! s initial di/dt 
is a key factor in determining the peak rating of the MPC system. 
This is the case because the rate of current rise is maximum at this 
point due to the fact that the induced emf opposing current buildup as 
well as the voltage drop from the winding resistance are both at their 
minimums. Because of the finite amount of time available to commutate 
the Phase currents, the peak rating of such MPC systems at a given 
speed is directly related to the values of the initial rates of current 
buildup. 


< 


* 


In order to illustrate these points. Equation (2.3-11) should be used 
to approximate the behavior of i^ during the first commutation interval, 

t.j, for the samarium, cobalt machine. Let it be assumed that the 



i 















maximum period available during this interval is thirty electrical 
degrees, which is a reasonable assumption based upon experience with 
oscillograms of the Phase currents of such MPC systems at rated 
condition. Based upon this assumption, the maximum time available to 
complete is a function of machine speed and can be written as 

follows: 


t. = 1.6667/N Seconds (2.3-13) 

I max 

where N is the speed in RPM. 

Because of the time varying nature of the induced Phase emfs, the 
time derivative of i^ given in Equation (2.3-11) is also time varying. 

Therefore, in order for one to obtain an average value of this 
derivative neglecting R^, the average value of e b during is obtained 

as follows: 

a, Eor Ztco Commutation Advance 

150° 

e. = 6/» / (153.3Nsin(8 - 90°)]dS 

d AVG 

120 ° 

« 107. 31N Volts (2.3-13) 
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« 
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di b /dt| AVG S (1,706 * 1()6 ' 107 31N) Amperes/Second (2.3-14) 

b. For Thirty Degree Commutation Advance 6 c = 30° 

150° 

e. = '6/i» J [153.3Nsin(0 - 12O°)Jd0 
D AVG 

120 ° 

= 39.23N Volts (2.3-15) 




and therefore one obtains the following: 

difa/dtlAVG = {1*706 x 10** * 39.23N) Amperes/Second (2.3-16) 

The values of i. at the end of t. can be now approximated as 
d I max 

follows: a) for 0 =0° 

, b (t 2 )l 6 =0° = x 1maxf d 'b /dt| AVG,0 =0°^ 
c c 

= (2.84 * 10 6 /N - 178.8) Amperes (2.3-17) 

b) for l = 30° 
c 

'b (t 2 )| 0 =30° S x 1max^ di b /dt| AVG,5 =30° ^ 
c c 

= (2.84 * 10 6 /N - 65.38) Amperes (2.3-18) 


Notice that advancing the firing of the inverter transistors by 30 
electrical degrees increases the final value of the rising Phase current 
during the first commutation period, tj. 


A better understanding of the interactions between 0 C , 

di^/dt, and i^ is possible by plotting the quantities defined in 

Equations (2.3-13), (2.3-14), (2.3-16), (2.3-17), and (2.3-18) versus 
machine speed, N, as shown in Figure (2.3-8). Notice that the 
maximum available time to complete the first commutation period, , 

is inversely proportional to the machine speed, N. Notice, using the 
same assumptions as above, one can see that the average value of the 
time derivative of the increasing Phase current also decreases with 
machine speed, but at a linear rate. Since the amount of current 


buildup during •* * function of the product of times the 


average value of the derivative of the Phase current with respect to 
time, it is easy to see that the magnitude of this current buildup 
decreaser very rapidly with increasing N. This behavior is clearly 
shown in Figure (2.3-8). 
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FIGURE (2.3-8) Approximate Values of t. , i. , and 

l max o 

di' b /dt During the First Commutation Period, ij, for 

Zero and Thirty Electrical Degrees of Commutation Advance 
{<- - 0 C and = 30°) 
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EFFECT OF COMMUTATION ADVANCE ON MACHINE RATING 

The effect of the commutation advance angle, 6 , on the 

c 

magnitude of current buildup is also clearly shown in Figure (2.3-8). 

Notice that for 6 = 30°, the value of the current buildup is 

c 

consistantly higher than that for 6 = 0°. Since the power rating of 

"* c 

the MPC system is proportional to the sum of the products of the phase 

currents and emfs, the advanced firing case, that is when 6 = 30°, 

c 

increases the MPC system power rating over the entire speed range. 


EFFECT OF WINDING INDUCTANCE ON MACHINE RATING 

The effects of machine winding inductances on the system rating can 

be deduced from Equation (2.3-1) and Figure (2.3-8). Notice that the 

rate of current buildup in a phase is inversely proportional to the value 

of effective phase to neutral winding inductance. Therefore, both the 

slopes and initial values of (di. /dt) for 6=0° see 5 = 30°, see 

d c c 

Figure (2.3-8), are inversely proportional to the value of the 
inductance. Consequently, high values of effective phase to neutral 
machine inductance will result in smaller current buildups, at a given 
frequency, than would be the case with lower inductances. Therefore, 
it results in a lower MPC system power rating at that speed 
(frequency). Winding inductances can be reduced by decreasing the 
total number of turns since the inductance is proportional to the square 
of the number of series turns. Inductances can also be reduced 
through redesigning slot dimensions and other geometries of the 
magnetic ciruit. The reduction of machine winding inductances and the 
impact of these reductions on the overall MPC system performance and 
ratings are analyzed in detail in Chapters (3.0) and (4.0) of this 
report, by means of sophisticated magnetic field analysis and 
rr.:chine-power conditioner dynamic simulation techniques. 


IMPACT OF MACHINE PHASE TO NEUTRAL EMF WAVESHAPES ON 

SYSTEM RATINGS 

The discussion up to this point has only been centered on sinusoidal 
phase-to-neutral emf waveforms as shown in Figure (2.3-2). However, 
in machines with fewer number of slots per pole per phase, such as the 
case here, the phase-to- neutral voltage will contain a strong influence 
of some of the low order odd harmonics. This is especially the case if 
no means for harmonic reduction is employed. The third harmonic can 
be eliminated by a coil pitch of 120 electrical degrees (2 slots). Also, 
this harmonic is absent at the line to line terminals of a Y-connected 
armature. On the other hand, the harmonics (5,7,11,13,...) in the 
gap flux density distribution cannot be reduced by short chording for 
such armatures with one slot per pole per phase of the type at hand. 
In this case, skewing or fractional slot windings are required. These 
points concerning the emf waveform are elaborated on further in 
Chapter (3.0). 



FIGURE (2.3-9) Effect of the Third Harmonic Component 

on the Induced Phase EMf- During the First Commutation 

Period - Commutation Advance 6=0° and 30°. 

c 








The impact of the emf harmonics can be deduced by examining 
Figure (2.3-9) which gives an example of a phase emf with a 
fundamental and a third harmonic component. The sum of these two 
components is also plotted in this figure. Inspection of this figure 
reveals that the third harmonic increases the phase emf during 
commutation, and therefore decreases the rate of current buildup for 
both cases of zero and thirty degree commutation advance. Therefore, 
the total current buildup and maximum power rating at a given speed is 
reduced by this harmonic. The impact of other harmonics on the rate 
of current buildup can be determined in a similar manner. The 

harmonics in the emf waveforms of the samarium cobalt and strontium 
ferrite machines were reduced by skewing the stator core as will be 
detailed in Chapter (3.0). The proper degree of skewing was 
determined by means of finite element analysis of the magnetic field in 
these machines, in conjunction with a dynamic model of the machine - 
power conditioner (MPC) system which is given in Chapters (3.0) and 
(4.0). 


THE SECOND COMMUTATION INTERVAL x 2 

The second commutation interval begins when the decaying Phase 
current reaches zero, (diode turns off). The simplified circuit 

model for this case is given in Figure (2.3-6). The rate of current 
rise in this case becomes: 

di t/ d * = ! v bat - 2 Vb * e c ' e bi /( V (2 - 3 ' ,9) 

This rate of current rise is considerably less than that during the first 
commutation interval. For this reason, and because the majority of the 
current buildup occurs during the first commutation period, tne second 
commutation interval, t 2 , will not be considered further. 


COMPLETION OF COMMUTATION 

Commutation is completed as soon as the diode, D^, recovers (turns 

off). This occurs when the increasing (rising) phase current reaches 
the value of the chopper inductor currrent. After turns off, the 

chopper inductor is no longer shorted, but is now in series with two 
legs of the three-phase machine armature winding and the battery as 
shown in Figure (2.3-7). In this case, the time derivative of i^ 

beomes : 

di b /dt = 1 V BAT ’ ‘b^CH • 2 V * e c ‘ e b] /(L CH * 2L p> (2 - 3 - 20) 

In the two systems under consideration here, the chopper inductance, 
L^, was chosen roughly ten times the value of L p in order to keep 

the switching losses within reasonable bounds. For this reason, the 
rate of current rise during this period is relatively low in comparison 
with the previous two periods, and therefore has little impact on the 
MPC system rating. 
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The above discussions have highlighted the impact of various 
parameters on the MPC system performance and ratings. It was shown 
that the machine inductances and emfs are critical factors in 
determining whether or not a giv*.n power and speed rating could be 
met by a given MPC system design. It was also demonstrated that the 
peak power rating at a given speed could be significantly increased by 
advancing the firing of the inverter switcl es by thirty electrical 
degrees. 

The analysis presented in this section required a number of 
aproximations and simplifications as described earlier. Hence, this 
analysis was intended only for qualitative and illustrative purposes. 
The actual analysis of the two machine systems was performed using two 
computer aided design tools. The first of these is a finite element 
magnetic field analysis set of programs (package) developed for use in 
this investigation. This package was used in the determination of 
machine flux densities, winding inductances and induced emf waveforms. 
This analysis included the effects of magnetic saturation on these 
parameters. The calculated machine parameters were used in a detailed 
dynamic simulation model of the MPC system which included the voltage 
drops in the power switches, as well as the harmonics in the induced 
armature emfs. These computer aided analysis techniques and their 
applications to the design and analysis of the two systems at hand are 
discussed in detail in Chapter (3.0). 





3.0 MOTOR DESIGN 



In this chapter, preliminary designs for samarium cobalt based, and 
strontium ferrite based machines are arrived at. These designs are an- 
alyzed with the help of computer aided design tools to ascertain their 
suitability for meeting the rated (15 hp) and peak power (35 hp) re- 
quirements, when operating in conjunction with an electronic power 
conditioner. Based on the computer aided analysis both machine de- 
signs are finalized for implementation, and the subsequent final machine 
parameters and hardware are described. 



3.1 PRELIMINARY DETERMINATION OF MAGNETIC CIRCUIT 
GEOMETRY AND WINDING PARAMETERS 

An outline of the basic approach used in designing a magnetic cir- 
cuit geometry and winding parameters [1,2] shall be considered in this 
section . 


The main objective of producing a motor with a commercially feasible 
combination of cost, efficiency, power rating, size, and weight for use 
in electric passenger vehicles was borne in mind. In particular, the 
specifications of the customer were: 


1. an electronically commutated permanent magnet dc machine for 
operation in motoring and generating modes, 

2. a nominal voltage rating of 120 volts, 

3. a design adaptable to voltages ranging from 96v to 240v, 

4. a design allowing for proper motor operation at voltage down to 

60°o of nominal to allow for battery voltage variations, 

5. batteries used as the power (voltage) source, 

6. an output power of 15 hp (11.2 kw) for 2 hours at a vehicle 

speed of 55 mph (86 km/hr). 


7. operation as both motor and generator for 1 minute at 35 hp 
(26.1 kw) at a vehicle speed of 30 mph (48 km/hr), and 

8. shaft speed and torque left to the discretion of the designer. 

With the above specifications, the following steps were applied to come 
up with a suitable magnetic circuit geometry and winding design: 
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STEP 1 : 

Consider the main dimensions of the machine; that is, D, the stator 
bore diameter, and L, the stator core length. The total flux (or mag- 
netic loading) around the stator periphery at the airgap is given by 

M l = p# (3.1-1) 

where p = number of poles, and <t> - flux per pole. 

The total current (or electric loading) flowing around the stator 
periphery is given by 

E L = Cl c (3.1-2) 

where C is the total number of active conductors (in this type of ma- 
chines, two thirds of the total conductors are active at any time, that 
is, current carrying conductors around the periphery), and 1^ is the 

current in each active conductor. 

The average flux density, B ay / at the airgap is thus given by 

®av = = 0 /tL (3.1-3) 

where t = irD/p, is the pole pitch. The current density at the stator 
periphery, J^, is given by 

J $ = CI c /itD (3.1-4) 

Now, the power developed in the armature, P , is given by 

d 

P = El = tfCupl /a (3.1-5) 

3 d o 

where w is the speed of the rotating periphery of the rotor in mechani- 
cal rad/sec, a is the number of parallel paths in the armature winding, 

I is the armature current, and E is the machine induced voltage. Re- 
d 

writing P as a function of the magnetic and electric loadings, we have 

3 

P a = (p*)(CI /a)w = (p*)(Cl r )w 
a a 

where l r = I /a. Therefore, it follows that 
v a 

P a = M L E L w (3.1-6) 

Expressing this power in terms of the machines main dimensions, one 
can write 
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P = (ttDLB )(ttDJ c ) = K n D 2 Lw (3.1-7) 

a av b U 

2 

where K n = it B J c . 

# u av o 

Hence, the power developed in the armature is proportional to the shaft 
speed, w, stator core length, L, and square of the stator bore diame- 
ter, D. However, the volume of the active portion of the machine is 
(uD 2 L/4). Therefore, from Equation (3.1-7), this volume, Vol., be- 
comes 

Vo I = K,P /« (3.1-8) 

I a 

where = it/4Kq. 

Equation (3.1-8) demonstrates that the volume of the active portion of 
the machine is inversely proportional to the speed. Thus, by maintain- 
ing a constant output, a machine designed to operate at a greater speed 
will have a smaller size and hence entail lesser cost as opposed to a 
machine designed to operate at a lesser speed. Therefore, in reducing 
the size, a designer selects the highest practical speed taking into ac- 
count the limitations of mechanical stresses, and rotational loss consid- 
erations (bearings, windage, etc.). 

In addition, given that the volume varies inversely with Kq, the 

size (and consequently the cost) of the machine is reduced by making 
Kq as large as possible. Recall that Kq is proportional to the product 

of the magnetic and electric loadings for a given machine. 

Of course, the magnetic loading is dependent on the maximum flux 
density in the iron parts, iron losses, and magnetizing current. The 
heat dissipated per unit area of stator surface is proportional to the 
electric loading. Hence, in order to minimize heat dissipation, the elec- 
tric loading must be reduced. Otherwise, forced ventilation would be 
required. For our electronically commutated motor, the option of using 
forced air cooling is permitted if the need arises. The electric loading 
is dependent on the number of conductors per slot, and the current 
per conductor in such slots. The number of conductors per slot is de- 
pendent on a factor known as the fill factor, and a useful rule of 
thumb is that the fill factor should not exceed 65o for classes of ma- 
chines such as this one. It should be brought to the reader s attention 
that the fill factor for round conductors is lower than that factor for 
rectangular conductors. 

With the above rules in mind, the following basic parameters con- 
cerning the samarium cobalt machine of Phase (II) were chosen. This 
choice is based on experience with such designs: 

1. number of poles, p = 6, 

2. number of teeth, = 18, 
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3. pole span, = 0.666, notice that the pole span here is the 
ratio of the pole width to pole pitch, 

4. lamination axial length (stack height), = 10.16 cm (4.0 in), 

5. Stator outer diameter, D qs = 16.556 cm (6.518 in), and 

6. Stator inner diameter, D. = 7.777 cm (3.062 in). 

IS 

Consider the permanent magnet (pole) as shown in Figure (3.1-1). The 
magnet (pole) width, M , is given by the sum of the number of magnet 

pieces bonded together times the axial depth (width) per magnet. That 

is, for a pole consisting of 4 pieces, of 0.9 in depth for each, M = 

w 

(0.9) (4) = 3.6 in (9.14 cm). The minimum height of the pole, based on 

the geometry of Figure (3.1-1), is H . = 0.393 in (0.99 cm). The 

min 

maximum height of the pole, based on the same figure, is H = 0.49 

3 max 

in (1.24 cm). The radial distance from the bottom of the magnet (pole) 
to the rotor center, based on Figure (3.1-1), is R = 0.975 in (2.48 
cm). The rotor outer diameter, see Figure (3.1-1) is 

= 2(H ♦ R) = 2.93 in (7.44 cm), 

or max 

A nonmagnetic stainless steel sleeve was used to secure the poles firmly 

on the rotor. An outer sleeve diameter, D A of 3.0 in (7.62 cm) im- 

stv 

plies a sleeve thickness, T ^ , as follows 

T slv = < D s» v ‘ D or )/2 = 0 035 (0 0889 cm) 

Thus the clearance between the rotor and stator, C^, becomes 

C = (D. - D , )/2 = 0.031 in. (0.0787 cm) 

1 IS s&v 

and the nonmagnetic gap (air * sleeve), which is equivalent to air mag- 
netically, is 


G. = T * C = 0.066 in. (0.1676 cm) 
ap stv e 

pole pitch, t = itD. /p = 1.6032 in. (1.072 cm) 

p IS 

Having determined the magnet, rotor, and stator bore dimensions, 
the operating point of the permanent magnet can now be found as de- 
scribed next in Step 2. 
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TYPICAL RAOIAl magnet-rotor pole geometry 



FIGURE (3.1-1) Schematic of Permanent Magnet 
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STEP 2: 


Now one proceeds to calculate the magnet operating point as follows: 
Based on Figure (3.1-1), the magnet radial thickness, = 1.046/2 = 

0.523 in (1 .328 cm) . 

Hence, the magnet area is given by 

M = M • min(S. ,M ) = C0.523) (3*6) = 1.8828 in 2 (12.147 cm 2 ), 
at h w 

The pole arc calculated at the stator bore is hence given by 

pole arc = D^irP^/p = 1.0678 in (2.712 cm). 

Now, the slot span, S s , can be obtained as 

S s = *D js /N t = 0.5344 in (1.357 cm). 

and a reasonable slot opening is chosen to be w g = 0 085 in (0.216 cm). 
Thus, Carter's coefficient becomes 

K = (5 Gap * w )S /( (5Gap ♦ w )s - W 2 ) -- 1.034. 
s s s s s 


Also the permeance (reciprocal of reluctance or the ratio of flux to 
mmf) per pole in the air gap becomes 

P = (pole arc) (min(S. ,M )/K Gap 

p n W S 

= 56.33 Gauss-inch/Oersted (1.798 * 10 ® wb/AT). 

The permeability of the magnet material is given by 

V, = B/H = (*/M a )/(F/L) 

where 0 is the flux per pole, F is the mmf, and L is the length of the 
magnetic path. Hence, 

V, = P-. L/M = (56.33)(2)H . /4M 
t p a min a 

= 5.88 Gauss/Oersteds (7.389 yH/m). 

This gives the slope of the no-load line of the magnetization curve so 
that the point of instersection of this line with the B-H characteristic 
supplied by the magnet manufacturer is the operating point (OP) as 
shown in Figure (3.1-2). The B-H characteristic selected was that of 
HICOREX 90B Samarium Cobalt; an 18 million Gauss-Oersted Hitachi 
product, see Figure (3.1-2). The operating point corresponding to an 
operating flux density, BQp, was found to be 
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3.1-2) Operating Point ot the 
in the Samarium Cobalt Machine 
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B Q p = 7.20 KGauss = 7.20 » 1000 * 6.45 
= 46440 lines/in* (0.72 wb/m 2 ). 

Therefore, the magnet flux per pole is 

*m = B OP * 2M a = 174874 ,ines (1749 x 10 3 wb)l 


Assuming in this preliminary design process a 5° leakage factor, 

unique to a radially oriented permanent magnet on a rotor of this type, 

it follows that the leakage correction factor is 1.05. Therefore, the 

airgap flux per pole, * , becomes 

0 

0 a = 174874/1.05 = 166540 lines/pole (1.665 * I0‘ 3 Wb/pole) 

Since the airgap area, Ag is 

A = (pole arc)(M ) = 3.84 in 2 (24.77 cm 2 ) 

it follows that the airgap flux density, B , is 

; ' 9 

B„ = 166540/3.84 = 43.32 K lines/in 2 (0.668 Wb/m 2 ) 

9 

Having obtained the operating point of the permanent magnet, and 
found the airgap flux density, one proceeds now to find the flux densi- 
ties throughout the magnetic circuit, and calculate the slot dimension*. 


:» 




STEP 3: 

Now one proceeds to the calculation of the slot dimensions as fol- 
lows: A schematic of a stator slot is shown in Figure (3.1-3). From 

practical considerations, the wedge used for firmly securing the winding 
in the slot has a thickness, W , of about 0.062 in (0.157 cm). Let the 

thickness of the insulating slot liner be, S^ = 0.012 in (0.030 cm) It 

follows that the slot winding area, S , is given by 

W 0 

S w. * - 2 *«H(D AJ -D A1 )/2.W,-2S t ) 


‘I 

4 

I 

1 

A 


where the distance, x. Figure (3.1-3), is given as 


« = o a ,./n, 
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In Figure (3.1-3), assuming that T* = 0.04 in (0.102 cm) and T 7 = 0.02 
in (0.051 cm), it follows that the TOOTH TIP = J ] * = *0.06 in 

(0.152 cm), and D A1 = D j# ♦ 2X (TOOTH TIP) = 3.182 in” (8.08 cm). 
Also, assuming that the average width of a tooth, Figure (3.1-3), T^ = 

0.302 in (0.767 cm) and the yoke thickness, YOKE = 0.302 ir*. (0.767 
cm) one can write, using Figure (3.1-3), x = 0.253 in. (0.0)3 cm), 
0^2 = Dqs * ^YOKE = 5.914 in (15.02 cm). Therefore, one can calcu- 
late S a = 0 . 5984 in’ (3.86 cm’). 

Wo 

For a double layer winding (2 coil-sides per slot) with 5 conductors 
per coil-side, 12 Number 16AWG strands of wire (diameter = 0.054 in = 
0.137 cm) were used to form a conductor. The total number of wires 
per slot is therefore given by 

N WS = <2)(5)(12) - 120 . 

A good check for the slot parameters is to calculate the slot fill factor 
which is the ratio of the square of the wire diameter times the number 
of wires (a quantity proportional to the area of the slot occupied by the 
conductors) to the slot winding area. As was mentioned earner, the fill 
factor should not exceed 65o. That «s, 

fill factor(D’N) = (120 - (0.054)* j/0. 5984} * 100 = 58.5'J, 

The above result implies that the slot parameters obtained are accepta- 
ble. 


Now, one proceeds next to Step 4, in which one calculates the tor- 
que associated with this design, at rated current condition? in Step 4. 


STEP 4: 

Considering the fundamental romponents of the stator mmt and the 
equivalent magnet (rotor) mmf, the relationship between the torque 
produced and the angle between the peaks of the t*‘.o mmfs is sinusoi- 
dal. Assuming instar< aneous commutation (no significant delay in cur- 
rent switching due to winding inductance), the maximum average torque 
will be obtained when commutation starts at a relative angle between the 
above mentioned two mmf peaks of 120 electrical degrees. T ».- r«,*t 
commutation step occurs when that angle drops to 60 electrical degrees. 
Ideally, maintaining throughout the commutation process, an angle bet- 
ween the two mmf s of 90 electrical degrees would yield maximum torque. 
However, the nature of the electronic commutation process associated 
with the current source inverter at hand would not permit such an an- 
gle to remain constant. This process of angle variation is displayed 
graphically with the useful portion of the torque angle characteristic 
indicated by the shaded area in Figure (3.1-4). Further elaboration on 
torque production and profile in this type of machine was given earlier 
in Chapter (2.0). At the peak of this sinusoid, the torque is given 
by: 

a 1 ' y 
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(3.1-9; 


Torque = Kp 2 ir(cK K !/2p)10' 8 

x> W 

where p is the number of poles, 

0 is the flux per pole (in lines), 
c is the total number of active conductors, 

K is the winding factor, 

1 is the current per conductor (Amperes), 

K is a constant of proportionality, in case of 
using torque units in ounce-inch, k = 71 oz»in/Ampere»iines, 

is the factor which relates the phase voltage 

to the effective line to line voltage (derived below), 
and c« w l/2p is the winding Ampere-turns per pole. The torque sensi- 
tivity, is the torque per Ampere, and is given by 

S. = Torque/I = Kp 2 *(cK # K /2p)10' 8 (3.1-10) 

t K> W 

Assuming 5 conductors per layer per slot, the total number of active 
conductors is given by 

c = (10 conductors/slot) (2 slots/pole) (6 poles) = 120 conductors 

Notice that for a 6 pole, 18 slot machine, there are 3 slots per pole. 
However, it must be emphasized that for this type of machine, only two 
phases carry current at any given time (neglecting commutation). 

Accordingly, in this design, at any given time, two out of three 
slots per pole carry current (active slots). The calculated number of 
active conductors (c = 120) implies that the series connection is as- 
sumed. That is, there is one conducting path per phase. Hence, 
there are 30 turns (or 60 conductors) in series per phase. 

Here, the pitch factor is given by 

K = sin 180/2 = 1 
P 

For 3 slots per pole, the electrical angle between slots (or slot pitch) is 
slot pitch = 180/3 = 60 electrical degrees 
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and for a 3 phase winding, the number of slots per pole per phase (or 
slots per phase belt) is 1. Therefore, the distribution factor is one, 
and the winding factor, k , is given by 


Since the conditioner sees the line to line voltage, v , instead of the 
line to neutral voltage, v , then the power supplied to the conditioner 
is approximated as 


P c = /3v in l, = 2(*v ln /2)l ( 


The power contributed per active phase is V 2 - 


From this, one 


concludes that the factor is given by = /J/2 = 0.866. 


For this class of machines, substituting K = 71 oz-in/Ampere-lines 
as mentioned earlier, the torque sensitivity for the series connection is 
given by Equation (3.1-10), and is 

S t - (71) (6) 2 (166540) (120) (0.866) ( 1 ) ( 10" 8 )/2(6) 

= 36.86 oz.in/Ampere = 0.192 ft. lb. /Ampere(0. 260 New- 

ton»m/Amp) 


For the parallel connection (2 conducting paths per phase) of the ma- 
chine winding, the torque sensitivity becomes half that for the series 
connection. That is. 


- 0.192/2 = 0.096 ft. lb. /Ampere (0.130 Newton»m/Amp) . 


A procedure identical to Steps 1 through 4 was followed in arriving 
at a magnetic circuit and winding design for the strontium ferrite No. 8 
based machine. The resulting machine parameters for this strontium 
ferrite based machine are given below in Table (3.1-1). For comparison 
purposes, the corresponding machine parameters of the samarium cobalt 
based design of Phase (II) is also given in the Table. Furthermore, in 
the interest of completeness of this comparison, the corresponding par- 
ameters obtained for a 4-pole samarium cobalt machine, arrived at using 
a similar design process during Phase (I), is also given in the third 
column of the table. 

The above calculated preliminary machine volume and geometry are 
used in Section (3.2), described next, to obtain the machine open-cir- 
cuit emf waveforms, inductances, and flux distributions, on the basis of 
which simulation of the MPC system characteristics is carried out in 
Section (3.3), where the design of both machines is finalized. 
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TABLE (3.1-1) SUMMARY OF PARAMETERS CORRESPONDING TO 
PRELIMINARY DESIGNS OF THE PHASE (II) 

SAMARIUM COBALT AND STRONTIUM FERRITE BASED MACHINES 


Machine Samarium 

Parameter Cobalt 
(Figure Machine 

3.1-1 Phase (II) 

to 3.1-5) 

Strontium 
Ferrite 
Machine 
Phase (II) 

Samarium 
Cobalt 
Machine 
Phase (1) 

P 

6 

6 

4 

N t 

18 

18 

15 

P 

s 

0.666 

0.666 

0.650 

S h 

4.0in(10. 16cm) 

8. 50in(21 . 59cm) 

6.00in(15.24cm) 

D OS 

6.518in(16.55cm) 

6. 518(16. 55cm) 

6. 50in ( 16.51cm) 

D is 

3.062m (7. 78cm) 

4.071in(10.34cm) 

3.062in(7.78cm) 

M 

w 

3.60in(9. 14cm) 

8.75in(22.22cm) 

6.30in( 16.00cm) 

H 

mm 

0.393in (0.998cm) 

0.613in(l .56cm) 

0.34m( 0.864cm) 

H 

max 

0.49in(1 .24cm) 

0.740in( 1.88cm) 

0.50in( 1.27cm) 

R 

0. 975in (2 . 48cm) 

1 .225in(3. 1 1cm) 

0.97in(2.46cm) 

D 

or 

2.93in(7.44cm) 

3.93in(9.98cm) 

2.94in(7 -m) 

T „ 
stv 

0.035in (0.0889cm) 

0.035in (0.0889cm) 

0.035in (0.0889cm) 


0 . 03 1 i n ( 0 . 079cm) 

0.035in (0. 089cm) 

0.026in( 0.066cm) 

G ap 

0.066in(0. 168cm) 

0.070in(0. 178cm) 

0.061in(0. 155cm) 

T P 

1.6032 in (4. 07cm) 

2. 13in(5.41cm) 

2.405in(6. 11cm) 
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CON’T. 

TABLE (3.1-1) 


Machine 

Samarium 

Strontium 

Samarium 

Parameter Cobalt 

Ferrite 

Cobalt 

( Figure 

Machine 

Machine 

Machine 

3.1-1 Phase (II) 

to 3.1-5) 

Phase (II) 

Phase (1) 

M t 

0.523in( 1.33cm) 

0.695in( 1.76cm) 

0. 72in(1 ,83cm) 

M 

a 

1.8828in 2 

5.907in 2 

4.32in 2 


(12.15cm 2 ) 

(38.11cm 2 ) 

(27.87cm 2 ) 

S s 

0.523in( 1.36cm) 

0. 71 in (1.80cm) 

0.6413in(1 .63cm) 

K 

s 

1.034 

1.024 

1.06 

P 

p 

56.33 

168.34 

145 

r 

Gau'Js-iri/Oersted 

Gauss-in/Oersted 

Gauss-in/Oersted 


(1.798x10‘ 6 wb/AT) 

(5.37x10 '^wb/AT) 

4.63x10* 6 wb/AT) 


5.88 

8.74 

5.7 


Gauss/Oersted 

Gauss/Oersted 

Gauss/Oersted 


(7.39wH/m) 

(10.98uH/m) 

(7. 16yH/m) 

B OP 

46440 

22575 

45472 

lines/in 2 

lines/in 2 

lines/in 2 


(0.72 wb/m 2 ) 

(0.35wb/m 2 ) 

(0.705wb/m 2 ) 


166540 

25400 

374170 


lines/pole 

lines/pole 

lines/pole 


(1 .665*10’ 3 wb/pole) 

(2.54x10 ^wb/pole) 

(3. 74x10* 3 wb/pole 

A 

9 

3.84in 2 (24.77cm 2 ) 

12.06in 2 (77.8cm 2 ) 

9.847in 2 p3. 53cm 2 
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CON'T. TABLE (3.1-1) 


Machine Samarium 

Parameter Cobalt 
(Figure Machine 

3.1-1 Phase (II) 

to 3.1-5) 

Strontium 
Ferrite 
Machine 
Phase (II) 

Samarium 
Cobalt 
Machine 
Phase (1) 

B 

g 

43.32 K 

21.06 K 

38.0 K 


Iine$/in2 

(0.668wb/m 2 ) 

lines/in 2 

(0.325wb/m 2 ) 

lines/in 2 

(0.586wb/m 2 ) 

W e 

0.062in(0. 157cm) 

0.062in(0. 157cm) 

0.125in(0. 317cm) 

s e 

0.012in(0. 030cm) 

0.012in(0. 030cm) 

0.015in(0. 038cm) 

Tooth 

Tip 

0.06in(0. 15cm) 

0.075in(0. 19cm) 

0.05in(0. 13cm) 

Yoke 

0.302in(0.77cm) 

0.25in(0. 63cm) 

0. 55in(1 .40cm) 

T 

w 

0.302in(0. 77cm) 

0.217in(0.55cm) 

0.36in(0.91cm) 

X 

0.253in (0.64cm) 

0.520in( 1.32cm) 

0.302in(0. 77cm) 

Z 

0. 730in( 1 .85cm) 

0.833in(2. 11cm) 

0.772in( 1.96cm) 

S 

wa 

0. 5984in 2 (3.86cm 2 ) 

0. 530in 2 (3.42cm2 

0.488in 2 (3. 5cm 2 ) 

N 

ws 

120 

104 

48 

fill 

factor 

58. 5 o 

57. 2 o 

56 . 07" 

C 

120 

96 

40 

K w 

1 

1 

0.783 

K t 

0.866 

0.866 

1 

S t 

0. 192ft-lb/Amp 

0.234ft- lb/ Amp 

0.0867ft- lb/ Amp 

( series) 
S t 

(0.26Nm/Amp) 
0.096ft -lb/ Amp 

(0.32Nm/Amp) 
0. 117ft-lb/Amp 

(0. 12Nm/Amp) 

( parallel ) (0.13Nm/Amp) 

(0.16 Nm/Aiiip) 
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3.2 FINITE ELEMENT ANALYSIS AN RESULTING MAGNETIC CIRCUIT 
AND WINDING DESIGN 

In order to analyze the performance characteristics of a machine, it 
is necessary to know the flux distribution for the flux densities 
throughout the cross section of such a machine) under its normal rated 
operating conditions. In the case of the two machines, namely the sa- 
marium cobalt and strontium ferrite based permanent magnet machines of 
interest in this project, which are being designed for use in electric 
passenger vehicle propulsion, the finite element (FE) method [3-7 j was 
used to obtain the flux distributions, and subsequent machine parame- 
ters such as midgap flux density waveforms, induced emf waveforms in 
the armature, armature winding inductances, etc. 


3.2.1 FINITE ELEMENT METHOD AND MIDGAP FLUX DENSITY 

This method is one of several numerical methods such as the finite 
difference (FD) method which have previously been used in the analysis 
of magnetic fields in electrical machines [8-18]. Although the finite 
difference (FD) method appears to be simpler to understand, it poss- 
esses some disadvantages [17,28] in comparision with the FE method 
which render the approach less suitable for application in this project. 
The FE method is essentially a numerical technique of solving the mag- 
netic vector potential (m.v.p.) partial differential equation governing 
the field distribution in two dimensional magnetostatic problems of the 
type at hand. The FE method is based on the concept of the magnetic 
vector potential (m.v.p.), A, where 


V x A = B (3.2-1) 

and B is the sought-after magnetic flux density. 

The magnetostatic fields in electrical machines are govered by the 
following Maxwell's equations: 

V • B = 0 (3.2-2) 

and 

7 * H = J (3.2-3) 

where H is the magnetic field intensity and J is the current density. 
Using the constitutive relationship given by 


H = vB 


(3.2-4) 
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where v is the reluctivity assumed to be a function of both position and 
magnetic flux density, in combination with Equations (3.2-1) through 
(3.2-3), the partial differential Equation [12-17] to be solved becomes 

V x ( v (V x A)) = .1 (3.2-5) 

A solution to (3.2-5) arises from a consideration of the total energy 
stored in the magnetic fields throughout the machine. A functional ex- 
pression [15,19] for this energy is given by 

F ( A ) = // s [HB*H)-J*A]dxdy (3.2-6) 

The minimization of this functional with the aid of the theory of varia- 
tional calculus, in the two dimensional form, satisfies the partial differ- 
ential Equation (3.2-5) governing the two dimensional field, in addition 
to the associated natural (Neummann) and Dirichlet boundary conditions 
[15,19]. In the two dimensional magnetic field case, involving machines 
of the type treated here, the following additional simplifications are val- 
id [8-23]: 


J = J z a z (3.2-7) 

where a^ is a unit vector in the z direction, and the flux density, B, 
is two dimensional in the x-y directions, that is: 

8 = B a ♦ B a (3.2-8) 

x x y y 

A = A z a z . (3.2-9) 

The z direction is assumed to be the axial direction in any of the ma- 
chines at hand, while the x and y directions are in the plane of the 
cross section of such devices. 

With the help of first order triangular elements, the minimization of 
the functional in Equation (3.2-6) can be carried out numerically by 
means of a finite element discretization grid, which spans the entire 
field region being considered. 

The resulting m.v.p.s at the FE grid nodes represent a numerical solu- 
tion to Equation (3.2-5) which satisfies the necessary boundary condi- 
tions [15-21] 

Since a closed form solution to Equation (3.2-5) cannot be obtained 
here, a numerical technique such as the FE method is used. This FE 
technique consists, as alluded to above, of dividing the machine cross 
section into subregions called elements in which the m.v.p. is a polyno- 
mial function of the nodal values of m.v.p. as well as the x and y 
coordinates of a position in a given element. The most commonly used 
element is the triangular element which yields a first order polynomial 
function for the m.v.p.s [9-18]. 


72 







Focusing our attention on permanent magnet machines (and the elec- 
tronically controlled class of these machines in particular), an adaption 
is made in order to implement the FE method. This involves the model- 
ing of the magnetization effect of a permanent magnet by an equivalent 
winding consisting of a coil in series wich a magnetic core whose B-H 
characteristic in the first quadrant is that of the demagnetization part 
of the permanent magnet shifted from the second quadrant of the normal 
four quadrant B-H curve, as described in References (18) and (19) 
with more detail. These References (18) and (19) are included in Ap- 
pendices (1) and (2). The magnetomotive force of the equivalem coil 
becomes the product of the magnet height times its coerciv *y, H^., for 

rectangular shaped magnets. In this approach, non-rectangular shaped 
magnets are divided up into magnet sections with rectangular shapes 
which approximate the original nonrectangular shape of a given magnet. 
Thus the process yields surface currents which are assigned to nodes 
(or elements) in the finite element grids. Figure (3.2-1) shows an ex- 
ample of such surface currents for the magnet shapes encountered in 
this work. 

With the aid of an automatic grid generating scheme described in 
Reference [29], and summerized in Reference [20], the magnet model, 
and the finite element method, a system of nonlinear simultaneous alge- 
braic equations is arrived at. These simultaneous algebraic equations 
are then solved using a nonlinear equation solver (Newton-Raphson ) , 
see References [29] and [30]. 

The solution of the nonlinear equations yields a periodic flux densi- 
ty distribution throughout the machine cross section (as a function of 
space angle). Since this flux distribution is periodic, the theory of 
Fourier Series implies that the flux can be expressed as a linear combi- 
nation of sine and cosine terms [20,29]. Hence, one can write the fol- 
lowing: 

m 

B ( 8 ) = l [a^co$(h0) ♦ b^sin(h0)] (3.2-10) 

h=1 

where 

B ( 0 ) is the flux density as a function of the space 
angle, 0, in electrical degrees (or radians), 

h is the order of the harmonic 
a^ and b^are the fcurier coefficients. 

However, the flux density is found to contain only odd harmonics. 
Thus, Equation (3.2-10) becomes 


;7S* f, W 


If »%■•''' 


■* f 
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B(9) =2 b 2h _.,sin(2h-1)e. 
h=1 


(3.2-11) 


These flux densities are useful in determining flux linkages, emfs, core 
losses, etc. 


3.2-2 EMFS: 

Equation (3.2-11) assumes an infinite number of harmonics. For 

practical purposes, harmonic terms beyond the term, (N - 11 in 

this case), the fourier coefficient, b 2h-1' ls insignificant. The above 

equation can thus be rewritten as follows: 

N 

B(0) =£ b 2h _ 1 sin [ (2h-1 )0 ♦ 6 2fM ]. (3.2-12) 

h = 1 


Defining the machine effective core length as i, and the pole pitch 
as t , the harmonic flux per pole, is given by 

# 2h . 1 = (2/ir)(T p /2h-1)£b 2h , r (3.2-13) 

Consequently, the electromotive force induced in the armature phase is 
calculated from the flux linkages based on midgap flux density distribu- 
tion, and can be expressed in Fourier series form as follows: 


N 

2nf(2h-m 2|vl T ph K w cos[2irf(2h-1)t 
h=1 


elt) ■£ 


S-r* 


or as a function of the space angle 
N 

e(0) =J2 2nf(2h-1 )^ 2 h_i T ph K w cos[(2h-1)e ♦ 6^^] (3.2-15) 

" * 2 h - 1 

h=1 


where f is the fundamental frequency (equal to 120 x rotor rpm/number 
of poles), T . is the number of series turns per phase and K is 

Ph w 2h-1 

the winding factor for the harmonic of order (2h-1). This expression 
yields the emf waveforms induced in the armature phase windings, 
which serve as forcing functions in the simulation modpl used to predict 
t^e dynamic characteristics and other performance quantities resulting 
from the interaction between the machine and its power conditioner as 
detailed in Section (3.3). 
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FIGURE (3.2-1) Representation of Equivalent Magnetic 
Effect for the Magnet Shapes of the Brushless 
Machines for Purposes of Finite Element Field Analysis 
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3.2.3 WINDING INDUCTANCES: 
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In calculating the machine winding inductances, an energy and cur- 
rent pertubations technique [22,23], coupled with the FE method, is 
applied. For this type of electronically commutated brushless dc ma- 
chine, its armature consists of three phase windings, which can equiva- 
lently be represented as three magnetically coupled coils. Only two of 
these three coils are excited at any given time other than short commu- 


totion periods. Let the current through its coils 1 and 
and let v^ and v 9 be the terminal voltages of coils 1 and 
X,, be the flux linkages of coils 1 and 2, respectively, 
write the following: 

2 be i^ and ij, 
2, and X^ and 
Then, one can 

v 1 = R 1 i 1 ♦ aXj/at 


(3.2-17) 

v 2 = R2*o * 


(3.2-18) 

but X 1 = X^ (i^ , i ? , 9) and X, = *2^r'2'^‘ 




These flux linkages are naturally dependent on the rotor position 
angle 6. Me. ~e, one can write 


v.j = R^i^ * 3X^/3i^ • di^/dt * / d*2 • di,/dt 

♦ dXj/30 * dO/dt (w.2-19) 

v^ = R^i 7 * 3X,/3i^ • di^/dt ♦ 3X 0 /3i 0 • di 0 /dt 

♦ 3X,/30 • de/dt (3.2-20) 


If the rotor is held at a fixed position, the term (dO/dt) becomes zero. 
In Equations (3.2-19) an (3.2-20) the (3X/3i) terms are the incremental 
inductances (see Reference [29]), 1.^. Hence, one can write 

L jk = * X j /8 V i < and k) = (3.2.21) 

In addition to the incremental inductances, other accepted definitions of 
saturated inductances [35,36,37] are as follows: 

apparent inductance = X.^/i^ (3.2-22) 

effective inductance s Sw.^/i^" (3.2-23) 


where w.^ is the energy associated with the mutual magnetic effect 

stored in the magnetic field of the machine. A plot of the mutual flux 
linkage, X.^, linking coil j due to current i^ in coil k is giver, in Fig- 
ure (3.2-2). This figure shows the geometrical interpretation of the 
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incremental, apparent, and effective mutual inductances. In this figure 
point b represents the operating point of a given magnetic circuit, 
which will be referred to here as the quiescent point of the magnetic 
circuit, and it is the point around which one calculates the above men- 
tioned inductances to define the parameters of such a nonlinear device. 
Here, one l.o: the following: 

effective inductance = ac/oa (3.2-25) 


incremental inductan.e = ad/ oa. (3.2-26) 


Notice that the area ocf equals the shaded area obe, and od is parallel 
to the tangent through the quiescent point b. Also, notice that ac = 
2w./i| ( . Hence ac/oa = 2wj ^/i 2 ^ - A similar interpretation can be ap- 
plied for incremental, apparent and effective self inductance terms. 


L.. 

)J 


me 


L. 


apt 


II 


and L 


eff 


JJ 


respectively. Notice, always these values 


must be reevaluated at each different operating (quiescent) point when 
nonlinearities in the magnetic circuit are expected. 


Since all the inductance terms which are encountered in the devel- 
opment which is to follow are of the incremental type, the superscript, 
inc, is dropped from cur formulation. Hence, for a fixed rotor position 
Equation (3.2-19) and (3.2-20) become 


■Vi * 

hi 

di^/dt * 

L 12 

di2/dt 

(3.2-27) 

Rji 2 • 

L 21 

di^/dt ♦ 

L 22 

di-Zdt 

(3.2-28) 


The instantaneous power input into coil ) is 


P. = v.i. 

I I I 

P. = R.i 2 ♦ i l_ , di./dt ♦ i.L 0 du/dt 
I I I I )1 1 I j2 2 


(3.2-29) 


Rj 




Here in this case, j = 1,2. Here also, P D . = R.i." is the Ohmic power 
dissipated in the jth coil. P^. is the power stored in the magnetic field 

of the device. The magnetic energy input into the j*** c^: 1 over a time 
period of t is given by 



(3.2-30) 
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CALCULATION OF INDUCTANCES 
FROM MAGNETIC ENERGY CONCEPTS 



FIGURE (3.2-2) Geometrical Interpretaion of Apparent. 
Effective, and Incremental Inductance 
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Hence, the total energy stored in the field of both coils over the time, 
t, can be written as: 

2 2 i.(t) 

w * = LE/ vv (3 - 2 - 3,) 

j=1 k=1 i k (0) 


Suppose that both currents and y are perturbed by incremental am- 
ounts Ai.j and Ai 0 so that the magnetic saturation conditions throughout 

the machine are almost undisturbed, and hence, the incremental induc- 
tances remain practically the same. Under such circumstances the 
change in stored energy becomes 





(L + Ai72)L jk Ai k (3.2-32) 



Mj 

so that the stored energy is now 

w = w * Aw . (3.2-33; 

9 9 9 

From the assumption that the incremental inductances are not changed 
in value due to small perturbations, Ay it is easily seen that 

3L ; . /a ( Ai . ) = 0 and 3w./3(Ai.) = 0. Taking the derivative of Equation 
jk j 9 1 

(3.2-33) with respect to Ai. and substituting in Equation (3.2-32), 
yields the following: 

avy a(Aij) = L jj (i j ♦ Ai.) 

+ n/2) Ai k a jk + v 1 ( 3 - 2 - 34 ) 

k=1 

k'j 
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Differentiating Equation (3.2-34) with respect to Ah and Ai k , yields the 

self and mutual inductances, which are accordingly expressed in terms 
of ® as follows: 


L.. = 3 2 w / 3(Ai.) 2 

JJ 0 J 


(3.2-35) 


and 


i (L jkV : j„k = t»*V ,(i V a,4i k > 


However, for this type of machine, the mutual inductances are between 
two identical windings located on the same armature, hence the two coils 
are experiencing the same saturation conditions. One can therefore 
write 


L, = L. .. 
jk kj 


Therefore, 


Ljk = a2w ^ /a(Ai j^ a f 'j^k. 


(3.2-37) 


(3.2-38) 


Through perturbing h and i^ by t Ah and ± Ai^, the stored energies 

become w^(h + Ah, i (< + Ai| < ) , v^(h-Ah,i k + Ai k ), w^(i. + Ai-, i k - Ai k ) , and 

w.(i. - Ai., i. - Ai.). Expanding these energies in Ta/lor series form 
0 ) ) K K 

about the energy w.(i,i. ) of the operating (quiescent)poirit, truncating 

0 J K 

terms beyond the second order terms, and combining these equations, 
one can write the following: 

a 2 w^ /3(Ai.)3(Ai k ) * [w^(i.<Ai.,i k + fli k ) 


- - V i j* 4i j- i k' 4i k ) 

’ “♦ (i j- 4i j- i k' 4i k , ] / - 44i j 4i k 


(3.2-39) 


= [v,^(i j -4i j ,i k -4i k ) - w < (i j -4i j .i k *4i k ) 

‘VTVk'V * w * (i j‘ 4i j' i k' 4i k )1/44i i 4i k 


• Uw < (i j *4i j ,i k »4i k ) - 4w > (. j -4i j ,) k *Si k ) 

- 4w < (i j *4i j ,i k -4i |< ) * 4w > (i j -4i i .i k -4i k )l/44i j 4i k . 


(3.2-40) 


The second term of the right hand side of Equation l ^ . 2-40) is zero if 
Equation (3 2-32) is substituted into (3.2-40). Thus, 



ORIGINAL PAGE 19 
OF POOR QUALITY 


8*w # /a(Ai.)aUi k ) = [w # (i j *Ai.,i k *Ai k ) - w # (i.-Ai r i k *Ai k ) 

' W « (i j +Ai j J k' Ai k ) + W / i j' A V i k' Ai k )]/4Ai j Ai k (3.2-41) 

Similarly, expanding w (i.*Ai.) and w.(i.-Ai.) about wTi.) and combining 

v ) ) 0 J J 0 J ^ 

both equations, 

[ ( i j - A 'j ) -2w^ ( i • ) + w0( i . *Ai . ) ] / ( Ah ) 2 

[ w ^('j-Aij)- 2 w f (LJ+w^i^AijJJ/UL) 2 . (3.2-42) 

( Aw 0 ( ij - Aij ) - 2A^ ( L ) + Aw^ ( L + AL ) ] / ( Ai j ) 2 

It is also easily found that the second term on the right hand side of 
this equation is zero. Thus, 

f W 0 (i j‘ Ai j ) ' 2w 0 (i j) +2w 0 ( 'j +Ai j ) H Ai j) 2 - (3.2-43) 

Accordingly, on the basis of Equations (3.2-35), (3.2-38), (3.2-41), 

and (3.2-43), the incremental self and mutual inductance terms L. and 

can be approximated in terms of the perturbed stored energy as 
follows : 

L jj [w 0 (i j -Ai j )-2w^(i.) + w 0 (i.*A j )]/(Ai j ) 2 (3.2-44) 

and 

L jk [w f. (i j* 1 V i k* D - i k'-% (l i- 4 V'k ,4i k ) 

" W 0 (i j* Ai j' i k" Ai k ) ^ w « (i j‘ Ai j' i k' Ai k )]/4Ai j Ai k ( 3 - 2 ~ 4 5) 

One examines next the method of calculation of the various energy 
terms of Equations (3.2-44) and (3.2-45). The energy stored in the 
material of the machine is given by 



where the magnetic field intensity, H, is a fjnction of the reluctivity, 
v, and the flux density, B, [22], The flux density is given by a so- 
lution of the algebraic equations obtained from a finite element discreti- 
zation of the material cross section of the machine. Magnetic field solu- 
tions are obtained at the quiescent and perturbed points. Equation 
(3.2-46) is applied to each element for each of these field solutions to 
obtain the various energy terms in the right hand side of Equations 
(3.2-44) and (3.2-45). The inductances are then given by substituting 
these various energy terms into these equations. The reluctivity men- 
tioned above is defined in terms of two values, namely the incremental 

reluctivity, v g , and apparent reluctivity, for each discretized 

element, e, evaluated at the quiescent point along the magnetization 
curve as follows- 
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In general. 


v = (9H/3B) . 

e quiescent 

v app = (H/B) . .. 

e quiescent 


me . 
v £ v 

e e 


app 


(3.2-47) 

(3.2-48) 


where the equal sign applies for linear magnetic materials or the linear 
part of the B-H characteristic of a nonlinear material. The above defi- 
nitions of incremental and apparent reluctivities associated with a given 
element in an FE grid, as well as the energy perturbations per unit 
elemental volume associated with the two reluctivities are geometrically 
depicted in Figures (3.2-3) and (3.2-4). The energy perturbations per 
element are shown in shaded areas for equal field intensity perturba- 
tions. Notice the energy perturbation associated with the apparent re- 
luctivity is larger than that associated with the incremental reluctivity. 
The energy perturbations for each element are calculated on the basis 
of Figures (3.2-3) and (3.2-4) which depend in turn on the quiescent 
point associated with each element. Since the current perturbations in 
Equations (3.2-44) and (3.2-45) are small, the reluctivity of each ele- 
ment in the FE grid can be assumed constant for these current incre- 
ments and equal to either the incremental or apparent reluctivity value 
defined by Equation (3.2-47) or Equation (3.2-48) for the quiescent 
point under consideration. Thus, the solution for the field associated 
with the perturbed excitations is obtained from the quiescent point field 
solution by solving the global system of m.v.p. equations once, with 
the excitation perturbation as the forcing function using, either the in- 
cremental or apparent elemental reluctivities. A detailed explanation of 
calculating the L- and is given in Reference [22] which is included 

in Appendix (3) of this report for convenience. 


The methods described above in Sections (3.2.1) through (3.2.3) 
were used in the determination of the various parameters (flux distri- 
butions, armature emf waveforms, armature winding inductances, etc.) 
associated with the samarium cobalt and strontium ferrite based ma- 
chines, using the preliminary design data given earlier in Section (3.1) 
of this report. These are the parameters which are crucial to the si- 
mulation of the dynamic characteristics of the machine power conditioner 
interaction. Details are given next in Section (3.2.4) on parameter 
determination, and in Section (3.3) on the use of these parameters in 
the dynamic simulation. 
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3.2.4 RESULTS OF SAMARIUM COBALT AND STRONTIUM FERRITE 

BASED MACHINES 

In this work, two machines were designed, based on the use of two 
different permanent magnet materials. The preliminary designs of both 

were given earlier in Section (3.1). One machine uses high energy 

product samarium cobalt permanent magnets as a source of excitation on 
the rotor and the other machine uses less costly and more readily avai- 
lable strontium ferrite No. 8 permanent magnets for rotor excitation. 
The design steps described in Section (3.1) were also used in that sec- 
tion to arrive at a suitable preliminary machine volume, magnetic circuit 
geometry, and winding design subject to the required machine perfor- 
mance given earlier in Section (1.2). It is important to point out that 
in Section (3.1), skewing was not considered. However, it will be 
shown later in this section that skewing is necessary to improve the 
machine characteristics, and to enable the MPC systems to reach some 
of the required power ratings. 

The calculated preliminary machine geometry was used in conjunction 
with the automatic FE grid generating scheme mentioned in Section 
(3.2-1) to arrive at a discretized machine cross section shown in Fig- 
ures (3.2-5) and (3.2-6) for the samarium cobalt and ferrite machines, 
respectively. Both machines were then analyzed by calculating their 
midgap flux density waveforms, and armature winding inductances at no 
load. It was found from previous work that the emf waveforms 
[20,27,29] in such permanent magnet machines are hardly affected by 
the load current (armature mmf). Further work [23] demonstrated that 
normal armature load current hardly affects the values of the armature 
winding inductances. This is largely because of the low level of mag- 
netic saturation prevalent in the magnetic circuits of these machines, 
and the relatively small ampere turns of the armature mmf in comparison 
with that of the permanent magnets under norma operating conditions 
(operating power range for these machines). Hence, the magnetic f.eld 
analysis presented here is largely carried out at no load. 

Figures (3.2-7) and (3.2-8) show the no load flux distriUutions re- 
sulting from the finite element analysis for a given rotor ssition for 
the samarium cobalt and strontium ferrite machines, respec ely. Fig- 
ures (3.2-9) and (3.2-10) are the waveforms for the rox^r positions 
shown in the flux plots of Figures (3.2-7) and (3.2-8) of the samarium 
cobalt and strontium ferrite machines, respectively. Notice that the 
peak midgap flux density for the samarium cobalt machine is about 
49,000 lines/in 2 (0.760 Tesla) compared with 19,000 lines/in 2 (0.294 

Tesla) for the strontium ferrite machine. In addition. Figure (3.2-11) 

depicts the midgap flux densities at no load for the strontium ferrite 
machine at two rotor positions, the first of which is a position different 
from that given earlier in Figure (3.2-10), while the second is a repeat 
of Figure (3.2-10) for ease of comoarision between the effects two rotor 
positions. The first flux density wave form (top) in Figure (3.2-11) 
shows a dip around the peak value of the flux density for a slot open- 
ing opposite the center of the magnet. The second figure (bottom) 

snows two dips centered around the peak value of the flux density for 
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FIGURE (3.2-5) Finite Element Grid of Samarium Cobalt 
Machine at a Given Rotor Position 



FIGURE (3.2-6) Finite Element Grid of Strontium Ferrite 
Machine at a Given Rotor Position 




FIGURE (3.2-7) No-Load Equal MVP Conturs (Flux Plot) 
of the Samarium Cobalt Machine for a Given Rotor Position 



FIGURE (3.2-8) No-Load Equal MVP Conturs (Flux Plot) 
of the Strontium Ferrite Machine tor a Given Rotor Position 
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two slot openings which are located opposite to the center of the mag 
net. For these two different rotor positions, the peak flux densities 
show little or no difference between one another in magnitude, 19,058 
lines/in 2 (0.303 Tesla), and 19,049 lines/in 2 (0.302 Tesla), respective- 
ly. This demonstrates that flux levels are almost not affected by 

changes in the rotor position. 


Under rated load, armature phase currents A, -A, B, -B, C, -C) 
were injected in the proper conductor locations in the finite element 
grids, at stator slot locations according to the actual phase belt distri- 
bution for a full pitched integral slot winding machine (1 slot per pole 
per phase arrangement for both machines). Recall that for these elec- 
tronically commutated dc machines, only two of the three windings are 
excited throughout the duration of a state. Here, the ac cycle consists 
of six states as explained earlier. The exceptions are the very short 
commutation periods which are neglected here. The phase belt distri- 
bution of the above phase currents in the machine cross section can be 
easily obtained from the fact that the three phase armature winding is a 
double layer full pitched integral slot winding with one slot per pole 
per phase. Corresponding finite element analysis of the magnetic fields 
in the samarium cobalt and strontium ferrite machines under rated load 
were performed. Figure (3.2-12) shows the flux distribution by means 
of equal m.v.p. contours under rated load in the samarium cobalt ma- 
chine. The corresponding midgap flux density waveform under load is 
given in Figure (3.2-13). Notice that the peak flux density of about 
50,000 lines/in 2 (0.775 Tesla) is only due to the slight magnetization by 
the armature mmf on one end of the magnet. The slight increase in 
flux density on one end of the magnet is almost totally cancelled out by 
an opposite demagnetization effect of the armature reaction (mmf) on the 
other end of the magnet. The net result is that load has little or no 

effect on the magnitude of the total flux per magnet in comparison to 
the no load values, for rated current values. 


Figure (3.2-14) shows the flux distribution by means of equal 
m.v.p. contours under rated load in the strontium ferrite machine for 
the same rotor position given earlier in the no load flux plot of Figure 
(3.2-8). The corresponding midgap flux density waveform under load 
is given in Figure (3.2-15). Again, it must be noticed that the peak 
flux density of about 18,680 lines/in 2 (0.290 Tesla) is only slightly low- 
er than that at no load namely about 19,050 lines/in 2 ) (0.295 Tesla) 
due to the slight overall demagnetization caused by the armature mmf. 

To illustrate possible effects that a change in the rotor position 
would have on the level of magnetization throughout the magnetic circuit 
of the strontium ferrite machine, a second equal m.v.p. plot corres- 
ponding to a second rotor position is given in Figure (3.2-16) for a 
rated load case. The corresponding midgap flux density waveform un- 
der load is given in the- top frame of Figure (3.2-17), where the peak 
value of the flux density is about 18,470 lines/in 2 (0.286 Tesla). For 
convenience of comparison the flux density waveform corresponding to 
the earlier rotor position of Figures (3.*' -14) and (3.2-15) is repeated 
in the bottom frame of Figure (3.217), where the peak density is abou 


FIGURE (3.2-12) Equal MVP Contours of the Samarium 
Cobalt Machine at Rated Load for a Given Rotor Position 
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FIGURE (3.2-13) Midgap Flux Denisty Waveform at Rated 
Load in the Samarium Cobalt Machine - Peak Value 
50,470 lines/in* 


90 




* - 


rrss: ^ "rr 




ORIGINAL P** ® 

OF POOR QOAUTt 







FIGURE 


92 

"*\*W 


(3 -161 Equal MVP Contours of the Strontium Ferrite 
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18,680 lines/in 1 (0.290 Tesla). Again this also indicates that the effect 
of the rotor position on the total flux picture is rather insignificant in 
this case. This justifies the neglect of any saliency effects in the ma- 
chine-power conditioner dynamic simulation models which are to follow. 
The lack of any significant saliency effect is further demonstrated in 
the results of the armature self and mutual inductances, which are giv- 
en later in this section. Finally, it should be observed from the above 
results of the two machines that the armature mmf at rated loads has an 
insignificant influence on the overall magnetization picture in these ma- 
chines, hence this justifies relying on the no load emf waveforms as 
sources of excitation in the machine-power conditioner dynamic simula- 
tion results which will be given in Section (3.3). 

The emf waveforms were obtained as described in Section (3.2.2). 
Since the profiles of the no load (or rated load) midgap flux density 
were similar for both machines under investigation, one would expect 
that the emfs of both machines would have very similar profiles. 
Hence, emf waveforms will be shown only for the strontium ferrite ma- 
chine. This choice is largely based on the fact that the (BH) energy 
product of the ferrite magnet material was considerably lower than that 
product for the samarium cobalt material. Hence, this leads to a con- 
sideiably larger core for the strontium ferrite machine, with all indica- 
tions of possible higher armature winding inductances. Hence, it was 
believed that if electric commutation difficulties are to be encountered, 
which may inhibit peak power capabilities (35 HP or 26 KW) of the MPC 
system, the strontium ferrite machine would be the likely "candidate" to 
lead to such difficulties. Hence, it was believed that if the analysis 
showed the strontium ferrite design to be capable of the peak 35 HP 
output, it would follow that no difficulties should be encountered in sa- 
tisfying the same peak power requirement for the samarium cobalt de- 
sign. 


It should be reemphasized that due to the lower energy product 
strontium ferrite magnets in comparison to the samarium cobalt magnets, 
the ferrite machine had to be designed with a larger axial core length 
to meet the power rating of the samarium cobalt machine. Since the 
winding inductance is proportional to the axial machine length, the lon- 
ger the armature core the higher the winding inductance. The higher 
the inductance, the lower the rates of phase current buildup during 
commutation. Therefore more of the studies (including MPC dynamic si- 
mulations) were performed on the ferrite machine case. In the absence 
of a built prototype (from which experimental results can be obtained), 
the calculated machine parameter values are sufficient enough to judge 
the accuracy of the design. The validity of such emf calculations was 
demonstrated earlier in Reference [20], inluded in Appendix [1] for 
convenience. 

With the above points in mind, the top frame of Figure (3.2-18) 
shows the no load armature emf waveform of the strontium ferrite ma- 
chine assuming no armature slot skewing. Notice the high harmonic 
content in this emf waveform. 
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Phase (I) of this project encompassed the design, construction and 
testing of a 4-pole samarium cobalt machine with a 5 slot armature, en- 
tailing a fractional slot winding to reduce harmonics. However, frac- 
tional sloting represents difficulties in manufacturing, and hence extra 
labor and construction costs. Accordingly, it was decided in Phase (II) 
to resort to a lower cost method for armature emf harmonic reduction, 
namely by skewing the armature slots. Furthermore, in the machines of 
Phase (II), the number of poles was increased to six and the number of 
slots was increased to 18 (entailing a simpler integral slot winding). 
This change also reduced the complexity of the machine winding and 
corresponding cost of construction. However, abandoning the fractional 
slot winding for the integral slot winding, causes the slot harmonics to 
increase in the absence of other means of harmonic reduction, as was 
seen in the waveform in the top frame of Figure (3.2-18). Examining 
the effects of stator slot skewing, see References [24] and [25] of Ap- 
pendices [5] and [6] and Reference [29], on the back emf, an improve- 
ment in the emf profile was noticed as shown by comparing the middle 
and bottom frames of Figure (3.2-18) for half armature slot and full ar- 
mature slot skewing, respectively with the top frame of the same fig- 
ure, where no skewing was assumed. Notice the closeness to a sinusoid 
of the profile with a skewing by a full slot pitch. Skewing is account- 
ed for analytically by including a skewing factor k $ in the winding fac- 
tor calculated in Section (3.1). For the Phase (II) samarium cobalt and 
strontium ferrite based motors, k $ is given by: 

k s = sin i (ir/3)/ i (ir/3) 


Implying that the winding factor, k , is 

w 


k = k k .k = 
w s d p 


0.955 


and the low speed (series connection) torque sensitivity becomes 


S^ = 0.183 ft. lb. /ampere (0.248 Nm/A). 

At high speed (parallel connection), the corresponding torque sensitivi 
ty is 


S t = 0.091 ft. lb. /ampere (0.124 Nm/A). 

Table (3.2-1) summarizes the peak armature emf constants for the 4 and 
5 turns per coil per phase for the samarium cobalt armature and the 3 
and 4 turns per coil per phase for the strontium ferrite armature, when 
both are onnected for normal rated operation. That is, two parallel 
paths per phase. Notice that these are 3 coils per phase in both ma- 
chines. Hence, a 4 turns per coil per phase winding is the same as a 
12 turns per phase winding, and so on. These values are given as- 
suming full slot skewing. 
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B. One Half Slot Skewing. 


a 


C. One Slot Skewing. 


FIGURE (3.2-18) No Load Armature EMF Waveforms Calculated 
by the FE Analysis for the Strontium Ferrite Machine, 
Assuming no Armature Slot Skewing, Half Slot Skewing, 
and Full Slot Skewing 



ORIGINAL PAGE 13 
OF POOR QUALITY 








original PAGE 19 
OF POOR QUALITY 

3.2.5 RESULTS OF SAMARIUM COBALT AND STRONTIUM FERRITE 
BASED MACHINE DESIGN APPLICATIONS - ARMATURE 
WINDING INDUCTANCE CALCULATIONS 


The various armature winding inductances in an electroncially com- 
mutated brushless dc machine of th-: type at hand are depicted in a ma- 
chine winding schematic of Figure (3.2-19). These inductances are 


phase self inductances, L , i- u . , 

aa dd 

ductances between the phases, L 


and L 


cc' 


as well as the mutual in- 


= L 


ab ba' be cb' 
The line to line inductance terms are consequently (L 


aa 


and 
+ L 


bb 


K:a *"ca ' 
t 2 L l J, 


'be' 


(L 


t 2 


L, ) and (L + L’ 
be cc aa 


t 2 




Upon determining the 


bb cc 

magnetic field in such a machine using the FE method one can utilize 
the current and energy perturbation technique of Section (3.2.3) to 
calculate the incremental and apparent values of these inductance terms 
at any desired load (or no load) condition at any given rotor position, 

0 . 


For example, in order to calculate the self inductance terms at no 
load at a given rotor position, 0, one requires the calculation of the 
quiescent energy term, w(0), and the perturbed energy terms w(-AL) 

and w(Ai.) the subscript j here can be a, b or c. Because of the three 

phase armature winding symmetries, and the fact that only two windings 
are excited at any given instant, j = 1, 2, which refers to a and b, or 
b and c, or c and a. In order to calculate the above quiescent and 
perturbed energy terms, the magnetic field inside the machine must be 
calculated for these three conditions. These field distributions are 
shown in Figures (3.2-20) through (3.2-22) for the quiescent point at 
no load, the perturbed point due to a current perturbation of (Aij) in 


one of the windings, and the perturbed point due to a current pertur- 
bation of (-AL) in the same phase winding, respectively, for the samar- 
ium cobalt machine. Similar field solutions were obtained for the stron- 
tium ferrite machine in order to calculate the corresponding inductance 
terms. These are not shown here in the interest of brevity. It should 
be pointed out that close inspection of Figures (3.2-20) through 
(3.2-22) reveals that the current perturbations are so small that these 
flux distributions are almost the same with or without current perturba- 
tions. In order to calculate the self inductances of the armature phases 
at rated load, the energy term wOj.i^) is calculated from a magnetic 

field solution obtained with two phase currents, L and i^, present in 


the armature coils, where j can be a or b or c and k can be a or b or 
c, j t k. Next, the excitation is disturbed in the winding for which 
the self inductance is to be calculated, that is a current (i- 4 Ai.) is 


assumed and a corresponding magnetic field solution and energy term, 
w(ij ♦ aL, i^), are calculated. Finally, the excitation is disturbed in 


the same winding, that is a current (L - Aij) is assumed and a corres 

ponding magnetic field and energy term, w(i. - Ai., i. ) are calculated. 

J J K 
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Axls(a) 



Schematic Representation of Machine-Power Conditioner 
System 


FIGURE (3.2-19) Schematic of Machine Phase Windings 

and Inductances 
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The field solutions in the samarium cobalt machine case are shown for 

(i * Ai , i. ) and (i. - Ai., i. ) in Figures (3.2-23) and (3.2-24), re 
J J K J ) K 

spectively. Upon substitution of the energy terms w(i.,i.), w(i. * Ai., 

J K j J 

y) and w ( i j - Aij , y) in Equation (3.2-44) one obtains the self induc- 
tance for the j winding, j can be a, or b or c. In the field perturba- 
tion process, if one uses the incremental elemental reluctivities, or the 
apparent elemental reluctivities, Figures (3.2-3) and (3.2-4), respec- 
tively, one obtains the incremental or apparent winding self inductance, 
respectively. 

It must be emphasized that the process of magnetic field solution 
under perturbed current conditions is a noniterative one, since lineari- 
zation around the quiescent solution point is assumed. However, the 
solution for the magnetic field corresponding to each quiescent operat- 
ing point is of the nonlinear iterative type, and is obtained using the 
Newton-Raplson method. 

In order to determine the effect of the rotor position on the winding 
self inductances, quiescent field solution points are obtained at various 
rotor positions. These quiescent field solutions are then perturbed to 
obtain the various inductances at various rotor positions. Three exam- 
ples of such quiescent field solutions calculated at the beginning, mid- 
dle and end of one of the six states in an ac cycle. These solutions 
are depicted by equal m.v.p. contour plots in Figures (3.2-25) through 
(3.2-27) for the rotor position at the beginning, middle and end of a 
state, respectively. Similar solutions were obtained in the case of the 
ferrite machine. However, in the interest of brevity they will not be 
shown here. 


The same process was repeated in calculating the mutual inductances 
at no load and at rated load for both the samarium cobalt and the 
strontium ferrite machines, respectively. In the no load case, the cur- 
rent perturbations are (AyAy), (-AyAy), (Ay -Ay), and (-Ay -Ay) 

where j and k (=1 and 2) but j t k, and the corresponding energy 
terms w(AyAy), w(-AyAy), w(Ay - Ay), and w(-Ay -Ay) were ob- 
tained from the perturbed field solutions. Upon substituting these en- 
ergy terms in Equation (3.2-45) one obtains the mutual inductance 
term, L.^, where j can be a, b, or c and k can be a, b, or c, j * k. 

The incremental or apparent inductances would result upon using the 
incremental or apparent elemental reluctivities in the solution for the 
field perturbation, respectively. 


At rated load, the perturbed field solutions are obtained for per- 
turbed excitations such as (i. * Ai., i . + Ai. ), (i. - Ai. 

J J K K J J 

♦ Ai., y - Ay) , and (i. - Ai., y - Ay). The corresponding energy 


'k ' (i i 


terms are w(i 


Ay ) , and w(i. 


V- w(i j - a v 'k 


+ Ay ) , w(r 


Ai 


J 


Here again, j can be a, b or c, and k 


4 v 'k 

*y ! k • V 

can be a, b or c, j * k. Upon substitutuion of these energy terms into 
Equation (3.2-45) one obtains the mutual inductances under load condi- 
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FIGURE (3.2-20) The Field Distribution for a Quiescent 
Point at No Load for A Given Rotor Position - The 
Samarium Cobalt Machine 



FIGURE (3.2-21) The Perturbed 
Field at No Load Due to 
(*AL) For the Rotor 

Position in FIGURE (3.2-20) 


FIGURE (3.2-22) The Perturbed 
Field at No Load Due to 
(-AL) For the Rotor 

Position in FIGURE (3.2-20) 
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FIGURE (3.2-23) Perturbed Field Solution Due to a 

Perturbed Current (i ♦ Ai , i.) 
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FIGURE (3.2-24) Perturbed Field Solution Due to a 

Perturbed Current (i - Ai , i.) 
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FIGURE (3.2-25) Quiescent Field Soltuion at Rated Load, 
Rotor Position at Beginning of State No. 1 



FIGURE (3.2-26) Quiescent 
Field Solution at Rated Load, 
Rotor Position at Middle of 
State No. 1 


FIGURE (3.2-27) Quiescent 
Solution at Rated Load, 
Position at tnd of 
State No. 1 
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tion for any specified rotor position. This process was carried out for 
both the samarium cobalt and strontium ferrite machines. Again, the 
effect of rotor position on the mutual inductances can be studied by 
varying the rotor position and repeating the solution for the perturbed 
fields and associated energy terms as described above. In the above 
figures, notice that the flux plots differ very little due to the very 
small perturbation currents. 
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The series and parallel arrangements of each phase winding, see 
Figures (3.2-28) and (3.2-29), were implemented to obtain a different 
torque sensitivity for the low speed (series connection) and high speed 
(parallel connection) operations. However, it should be pointed out 
that parallel operation was later found to be sufficient to cover the en- 
tire required operating range of the MPC system for this application. 

Calculation of the self and mutual inductances for both machines 
revealed that load and rotor position had small effects on the values of 
these inductances in comparison to their respective r,o load values. 
This will be shown in detail in data which will be given shortly. 
Furthermore, subsequent calculation of the inductances of the samarium 
cobalt machine assuming a winding with 5 and 4 turns per coil (that is 
15 and 12 turns per path per phase in the parallel connection) and cal- 
culation of the inductances of the strontium ferrite machine assuming a 
winding with 4 ard 3 turns per coil (that is 12 and 9 turns per path 
per phase in the parallel connection) gave values which were shown by 
the dynamic MPC system simulation to require choosing the lower num- 
ber of turns for each machine. This will be detailed in Section (3.3). 
Accordingly, the machines were built with the 12 turns per path per 
phase and 9 turns per path per phase for the samarium cobalt and 
strontium ferrite cases, respectively. Subsequently, the phase-to- neu- 
tral (self) inductances, and line-to-line inductances were measured at 
no load with the aid of an RLC Oigibridge. These inductances were 
also calculated using the perturbation method outlined above. A com- 
parison between the calculated and measured inductances at no load, as 
well as the effect of change in rotor position at no load will be given 
next. Furthermore, calculations are used to predict the effect of load 
on these inductances, where measurement was not possible under such 
conditions. These results are also given next. Again, the line-to-line 
and phase-to-neutral inductances for the series and parallel connections 
were measured at no load for both machines with the aid of an ac RLC 
Digibridge, at different rotor positions (or angles), see References [22] 
and [23], which are included in Appendices (3J and [4] for conveni- 
ence. The measured line-to-line inductance Ll®1|| ne ( a ). |jne(b) * rom 

terminal (a) to terminal (b) is given in terms of the self inductances, 
L ja (0) and L^(0), and the mutual inductance, L a ^(0), for a given ro- 
tor positions (9), as follows: 


* L .."» 


L bb"» 


2L .b (e) 


Figure (3.2-30) shows the incremental and apparent values of the 
inductance. L M (0), f° r the series arrangement of the phase winding, 

while Figure (3.2-31) shows the incremental and apparent values of the 
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-28) Series Winding Connection 



FIGURE (3.2-29) Parallel Winding Connection 
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0 APPARENT INDUCTANCE 0 INCREMENTAL INOUCTANCE 

X T£ST A fiftTEO LQAO,APT. * RATEO LOAQ.lNC. 


L m series connection. 

FIGURE (3.2-30) Armature Winding Self Inductance Per 

Phase, L (0), for Series Connection, Function 
aa 

of Rotor Postion - Samarium Cobalt Machine 
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TABLE (3.2-2) MEASURED INDUCTANCES OF THE 
Y-CONNECTED SAMARIUM COBALT MACHINE. 
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inductance, ^|j ne ( a ).|j ne (b) » f° r the series arrangement of the phase 

winding, for the samarium cobalt machine as function of the rotor posi- 
tion, (0), over a complete ac cycle cycle (360°e). These calculated va- 
lues were obtained assuming twelve (12) turns per parallel path per 
phase. Notice, the "x" points represent corresponding measured va- 
lues. 

Figure (3.2-32) shows the incremental and apparent values of the 
phase winding, while Figure (3.2-33) shows the incremental and appa- 
rent values of the inductance, L,. , x ,. ,, », for the parallel ar- 

line(a) -line(b) 

rangement of the phase winding, for the samarium cobalt machine as a 
function of the rotor position angle, (0). Again, 12 turns per parallel 
path per phase were assumed, and here also, the "x" points represent 
the corresponding measured values. There exists little difference bet- 
ween the incremental and the apparent inductance values because the 
magnetic material is lightly saturated (almost unsaturated). 

A summary of the measured values of inductances as a function of 
rotor position for the samarium cobalt machine is given in Table 
(3.2-2). There is very little effect of the roxor position on the calcu- 
lated and measured inductances due to the large effective airgap which 
includes the very high reluctivity region of the permanent magnet ma- 
terial. However, the calculated values of inductances under load condi- 
tion are affectd by the load current as indicated over a period of 60°e 
corresponding to one of the six states in an ac cycle. This is shown in 
the samarium cobalt machine case by the astrisk (*) points in Figures 
(3.2-30) through (3.2-33). The effect of the load on the inductance 
values is still marginal, and can be neglected with no significant influ- 
ence on evaluation of the overall MPC system performance at rated load. 

Calculations were performed to determine the inductances of the 
strontium ferrite machine in a similar fashion to that de< -ibed above 
for the samarium cobalt machine. An example quiescent . > load field 
solution for a given rotor position is shown in equal m.v.p. contours 
in Figure (3.2-34), and an example quiescent rated load field solution 
for a given rotor position of the same machine is given in Figure 
(3.2-35). The corresponding calculated and measured values of the in- 
cremental phase to neutral self inductance and line to line incremental 
inductance at no load are plotted versus rotor angle in Figures (3.2-36) 
and (3.2-37), respectively. Notice, the values of these inductances 
were also calculated at typical rated load over two states and are shown 
by the asterisks (*) in both figures. In this case, load had almost no 
effect on the values of machine inductances. This is largely due to the 
lower flux densities prevalent in the case of this machine in comparison 
to the samarium cobalt case. All calulations and measurements were for 
a winding with 9 turns per path per phase. 







0 APPARENT INDUCTANCE q INCREMENTAL INDUCTANCE 

x TEST * HATEO LORO. APT. u RATED LOAD, INC. 

^1 ln«(«)'llne(b) * L *« + Sb + 

PARALLEL CONNECTION. 

FIGURE (3.2-32) Line to Line Armature Winding Inductance, 
For Parallel Connection, Function of Rotor Postion - Samarium 

Cobalt Machine 
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FIGURE (3.2-33) Armature Winding Self Inductance Per 

Phase, L (0), for Parallel Connection, Function 
aa 

of Rotor Postion - Samarium Cobalt Machine 
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FIGURE (3.2-34) Example No Load Quiescent Field 
Solution Point for Calculation of Strontium Ferrite 
Machine Inductances 



FIGURE (3.2-35) Example Rated Load Quiescent Field 
Solution Point for Calculations of Strontium Ferrite 
Machine Inductances 
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Measured and Calculated Phase to Neutral Inductance 


FIGURE (3.2-36) Armature Winding Self Inducatance 

per Phase, L (0), for Parallel Connection, 
a a 

Function of Rotor Position - Strontium Ferrite Machine 
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FIGURE (3.2-37) Line to Line Armature Winding 
Inducatances , for Parallel Connection, Function 
of Rotor Position - Strontium Ferrite Machine 
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TABLE (3.2-3) FE DETERMINED AND MEASURED 
(LINE TO LINE) INDUCTANCES. 
SAMARIUM COBALT 
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The average line-to-line inductances were calculatd for the cases of 
windings with 12 and 15 turns per path per phase for the samarium co- 
balt case, and 12 turns per path per phase for the strontium ferrite 
case for subsequent use in the dynamic simultions. These values are 
given, with the corresponding test values when available, in Table 
(3.2-3). 

As shown in Table (3.2-3), the measured values of the inductances 
are higher than the calculated ones. This difference is due to end- 
leakage inductance which is naturally included in the measured values 
whereas end-leakage inductances are not accounted for in the calculated 
values because of the two dimensional nature of the numerical field so- 
lutions obtained. It is essential to point out that where not indicated, 
calculations were made using the winding with 12 turns/path/phase for 
the samarium cobalt and 9 turns/path/phase for the strontium ferrite 
machine. The 15 turns/path/phase for the samarium cobalt and 12 
turns/path/phase for the strontium ferrite were used in the preliminary 
design of the machines. These were abandoned subsequent to analysis 
and results which will be revealed in Section (3.3). 

Also, as mentioned earlier, measurements were used essent.ally to 
satisfy the calculated results. However, in the absence of the mea- 
sured values, the calculated ones are accurate enough to predict the 
behavior of the MPC systems. These calculated inductances as well as 
other design options and consequent parameters are used in the next 
section to determine the final design particulars of both machines. 
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3.3 ASSESSMENT OF DESIGN OPTIONS THROUGH DYNAMIC 

SIMULATION OF MACHINE SYSTEM 

A model for simulating the dynamic and transient behavior (includ- 
ing the all important commutation transients associated with transistor 
switching operations) of the electronically controlled machine systems 
being considered here, will now be utilized in the process of designing 
such systems. The machine associated with this system consists of a 
rotor on which radially oriented permanent magnets are mounted, and a 
stationary three phase armature which is conrolled by a transistorized 
current source power conditioner described earlier in Chapters (1.0) 
and (2.0). This analysis technique and the resulting simulation model 
were described earlier in the literature in References [24] and [26]. 
These references are included, for convenience, in Appendices (5) and 
(7) respectively. However, for the sake of continuity and completeness 
of this document, a brief recapitulation of the details of this method is 
deemed appropriate at this stage. 

As mentioned in Section (3.2), key parameters used in this dynamic 
simulation model such as midgap flux density, emf, and winding induc- 
tances were obtained by application of the method of two dimensional fi- 
nite element solution of nonlinear magnetostatic fields to the two ma- 
chines subject of this report. These key parameters were used in the 
dynamic simulation model to analyze the commutation transients and det- 
ermine the extent, if necessary, of armature slot skewing, the suffi- 
cient number of turns per coil, and whether or not advanced firing is 
useful, and if so, by what angle must one advance the transistor 
switching instant? 

Given that the power conditioner utilized here is (ideally) of the 
reciangular-wave currrent-source type, the armature magnetomotive 
force (mmf) is of a discretely and rotationally stepping nature in space, 
as was detailed earlier in Chapter (2.0). This is quite different from 
the usual smoothly rotating mmf of a conventional balanced three phase 
armature which is supplied with balanced three phase sinusoidally time 
varying armature currents. As such, the classical phasor diagram 

(frequency domain) type of analysis is not applicable here, since the 
machine is continuously in a dynamic state due to the continuous 
switching of phase currents. A substitute method of analysis of the 
performance of such a machine, and its associate conditioner, is that in 
which one uses digital simulation techniques to represent the continuous 
switching and commutation transients. This simulation technique results 
in a discrete time nonlinear equivalent network model of the combined 
system of power conditioner and machine. The topology of such a net- 
work is continuously changing due to the electronic switching process 
taking place throughout an ac cycle on the armature side. Hence, one 
resorts to network graph methods and techniques [27,28] to obtain the 
necessary state models representing the six states which necessarily oc- 
cur in the ac cycle associated with MPC systems of the type at hand. 
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3.3-1 MODEL DESCRIPTION - MACHINE EQUIVALENT CIRCUIT 


Consider a network model for the radially oriented permanent magnet 
machine part of this MPC system. This machine, a schematic diagram of 
which was given earlier in Figure (3.2-19), comprises three windings 
which are the a, b, and c armature phases, in addition to the electro- 
magnetic effect of the permanent magnets on the rotor. This effect can 
be duplicated by the presence of an equivalent fourth rotating winding, 
in a very similar manner to a field winding in a synchronous machine. 
However, in this case the field current is constant, and hence the 
equivalent field winding appears as if it is supplied by current from a 
constant current source. This fourth winding is designated as an 
equivalent winding (f) for the permanent magnet system, whose mmf is 
proportional to the coercivity of the magnet material times the magnet 
height (geometries), as described in References [20] and [21], which 
are included in Appendices (1) and (2) for convenience. 


Since the magnet materials used here were samarium cobalt and 
strontium ferrite, and given that the conductivities of these materials 
are low, including relatively small induced eddy currents in the thin 
high resistivity stainless steel sleeves, used for securing (retaining) 
the magnets on the rotors, see Reference [34] included in Appendix (9) 
for convenience, rotor damping effects were neglected, with no adverse 
effects on the accuracy of the simulation. The phase to neutral voltag- 
es, v , v. , and v , and the voltage of the equivalent field winding, 
a b c 

Vf. can be expressed in terms of the various winding resistances, in- 
ductances and currents as follows: 
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resistances, 
and 


(3.3-1) 


R^, and R £ are the armature line-to-neutral phase winding 


R, is the equivalent field winding resistance, L 


aa' bb' 


L are the armature line-to-neutral incremental self inductances, 
cc 

L,, is the equivalent field winding incremental self inductance, and 


-ff 

Lab' ••■Lfc are incremental mutual inductances, 
sider the voltage v # , which can be also expressed as 


In this case, con- 
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v a s RJ, 4 dX /dt (3.3-2) 

a a a a 

where Xa = Xa(i # , i^, i , i^,0) is the flux linkage. The angle 0 is the 

armature coil position with request to a given rotating reference, or the 
rotor position with respect to a stator reference. Hence one can write 
the following: 


dX /dt = 3X /ai • di /dt 
a a a a 

♦ a X a/3i b • di^/dt 

♦ ••• ♦ a X a/3G • d0/dt (3.3-3) 

Notice that the terms (3 X a/ai ), (|M| |g| /|M|i. ), are the incre- 

a a o 

mental inductances L - 3 X a/ai , L . = a X a/3i. and d0/dt = w, 

aa a ab b 

the angular rotation of the field with respect to the armature winding, 
that is the rotor speed. Given that no significant demagnetizations 
were experienced at armature currents of values near the magnitude of 
the rated design currents, as evidenced earlier in Section (3.2) and in 
the work of References [20] through [23], the incremental mutual in- 
ductance terms L^ a , L^ b , and L^ c representing the effect of armature 

reaction on the equivalent field winding can safely be neglected. Since 
the equivalent field winding is supplied) from a constant current source, 
the derivative di^/dt = 0. Hence Equation (3.3-1) can be rewritten as 

follows: 
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For these machines (samaraium cobalt and strontium ferrite), it was 
found that the variation of the armature windings' self and mutual 
incremental inductances, as well as line-to-line incremental inductance 
with respect to rotor position was negligible. This can be clearly 
ascertained from the results of Section (3.2) and References [22] 
and [23] included in Appendices (3) and (4). Thus, little error is 
introduced by assumming that the phase self and mutual incremental 
inductances are constant and independent of rotor position, 0, 

That is, 
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since L # f, L^f, L c f are functions of the rotor posiion, 0(t), one can 
write 
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(3.3-8) 


The induced emf in phase ’a' due to the permanent magnet rotor flux is 
given by 


e # * d(ifL # f)/dt = if (dL # f/dt) ♦ L a f (dif/dt) 
But if is independent of time, therefore 


(3.3-9) 
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*a = 'f (dL af /dt) = l f ( * L af /M)#We/dti 

a i f OL af /30) • w (3.3*10) 

where -4 is the angler speed of the rotor. H«nce, the vector in Equa- 
tion (3.3-3) is nothing other than the ind f.-’vi emfs in the a, b, and c 
phase- of the armature, e # , e^, e.id t -espectively. Accordingly, 

one can write the following: 


re 1 

[ iL ./ ae ~ 

e b 

& ■ ( j 1L^|/ 80 

L C 

L 8L cf /80. 


Equation (3.3*11) gives an expression for the no-load phase-to*neutral 
back emf of the motor as a function of: 

1. rotor angular speed, u, 

2. the permanent magnet equivalent field excitation current, if, 
and 

3. the rate of change of the magnetic coupling between stator and 
rotor with respect to the rotor position, 8. 

These no-load emfs, e # , e^, and e £ , are readily obtained from the fi- 
nite element field solutions as detailed in Section (3.2). 

Because the three phases of the machines at hand are , Y-connect- 
ed with a floating neutral point (i.e. not grounded), one can write 

i, * i b * i c s 0 (3.3-12) 

and 

di/dt ♦ di k /dt ♦ di/dt * 0. (3.3-13) 

From Equation (3.3-8), it follows that 

v # * Ri # ♦L(di # /dt) ♦ M(di b /dt ♦ di c /dt) ♦ i f (dl #f /dt) (3.3-14) 

Substituting Equation (3.3-13) into Equation (3.3-14) one obtains 

v # * Ri # ♦ (L-M) di # /dt ♦ e # (3.3-15) 

Writing similar expressions for and v Q as for v # in Equation 
(3.3-15), Equation (3.3-8) can be rewritten as follows: 
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FIGURE (3.3*1) Machine Model. 
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FIGURE (3.3*2) Power Conditioner Schematic 
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(3.3-16) 


Equation (3.3-16) is a decoupled system of equations which can be easi- 
ly solved. The schematic representation of Equation (3.3-16) is shown 
in Figure (3.3-1). In this schematic the inductances L, A = Lr> 0 = L 


= (L-M) of Equation (3.3-16), and R g = 


= R = 
c 


-AA "BB "CC 
R. It should be 


pointed out that (L-M) is equal to half the line-to-line armature winding 
inductance of Figures (3.2-31), (3.2-33), and (3.2-37). 


3.3.2 MODEL DESCRIPTION - POWER CONDITIONER EQUIVALENT 

CIRCUIT 

Now, one considers the development of an equivalent network model 
to the power conditioner which is shown schematically in Figure 
(3.3-2). In such a PC equivalent circuit model, transistors are repre- 
sented as nonlinear resistors having very low values during the "on" 
state and having extremely highvalues during the "off" state of a parti- 
cular transistor. This is to simulate numerically the process of switch- 
ing "on" and switching "off" of the inverter as well as the chopper 
transistor of the PC. This is the switching "on" and "off" mandated by 
the electronic communtation process in the inverter, as well as the line 
current and torque control process accomplished by the chopper. Both 
functions were explained in detail in Chapter (2.0). In a similar man- 
ner, diodes are represented as resistors with extremely low resistance 
values when they are in the "forward biased" mode, and represented as 
resistors with extremely high values when operating in the "reverse bi- 
ased" mode. The input filter capacitor is represented as a time-invjri- 
ent capacitance. The dc source (battery) is represented as an ideal 
source of emf in series with a resistor equal to the anticipated internal 
resistance of typical batteries. Here, the chopper inductor is repre- 
sented as a constant inductance independent of the saturation status in 
the inductor core. This is justified by the low level of saturation in 
such an inductor in the normal operating range of the MPC system. 


3.3.3 MODEL DESCRIPTION - COMBINED MPC SYSTEM MODEL 

Combining the equivalent circuit models of the machine and the pow- 
er conditioner described above, one obtains the network graph shown in 
Figure (3.3*3). In this graph the dark lines represent the twigs (T) 
of the chosen tree and the lighter lines represent the links (L) of the 
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FIGURE (3.3-3) Machine - Power Conditioner System 
Network Graph 
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cotree. To distinguish between different branches and their compo- 
nents, of the graph, two different labels are given per branch. For 
example, B1 denotes branch No. 1. The second letter attached to the 
components C, E, L, ar.d R (for capacitor, emf, inductor, and resistor) 
identifies the component in a link or twig and its number in the nework 
graph. Node NO is assumed to be grounded, and therefore is taken as 
the reference for the other node voltages. Branch currents are denot- 
ed by IB followed by the appropriate branch number while the branch 
voltages are denoted by VB and followed by the corresponding branch 
number. 

Having identified the tree, cotree, twigs and their components, and 
the links and their components, standard graph theory techniques are 
applied as described in Reference [28] and described for this type of 
system in References [26] and [27], see Reference [26] in Appendix 
(7). The result of applying these techniques is a set of first-order 
differential equations (also called state-space equations) of the form 

X = A& + fiLl (3.3-17) 

In Equation (3.3-17) X is a vector of the cotree inductor currents 
comprising the current through the chopper inductor and the currents 
through two of the machine inductances (since only two of the three 
phase windings are excited at a time, and the three phase currents 
must always add up to zero, ' a + * ' c = 0, hence only two of the 

three phase currents are independant variables), and the tree capacitor 
voltages. 

The vector U is the forcing function vector consisting of the bat- 
tery voltage and the three back emfs e g , e^, and e £ obtained from the 

finite element field analysis of the machines, as given in Section (3.2). 
The matices A and B are the nonlinear coefficient matrices formed by 
the inductance (chopper inductor, and motor inductances, where motor 
inductances are determined by finite elements as described earlier), ca- 
pacitance, and resistance values of the network components. For expli- 
cit expressions of the state space equations, see Reference [26] which 
is included in Appendix (7) for convenience. While most of the network 
components are given, it must be restated that the back emfs and ma- 
chine inductances were obtained from finite element field analysis during 
the design stage and were subsequently confirmed by test after con- 
struction of the machines. Figure (3.3-4) shows a simplified flow chart 
of the algorithm used to implement the above MPC system model. 

This dynamic simulation model which is suited for the type of elec- 
tronically commutated, brushless dc machine systems, with radially 
oriented permanent magnets, has been used to simulate the dynamics of 
two systems of this type. These systems were independently designed 
and tested. A comparison between the results of the testing of these 
two systems and the corresponding results of the dynamic simlations 
verified the validity and excellent accuracy of results of the numerical 
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simulation. These test and numerical simulation results are displayed in 
current and voltage oscillogram and computer simulated waveform com- 
parisons included in References [2] and [24] given here in Appendices 
(7) and (5), respectively. 


COMPUTER AIDED FINALIZATION OF CHOICE OF DESIGN OPTIONS 

Having developed the dynamic network model of the power condi- 
tioner-permanent magnet machine system for the samarium cobalt and 
strontium ferrite based machines, and developed a finite element based 
model for determination of machine parameters, these two models are 
used in the development and choice of practical options of design modi- 
fications to be applied to the preliminary design, in order to insure 
that the final design of the MPC systems when implemented, will meet 
the various rated and peak power equirements. These options of de- 
sign modifications center on: 

1. the number of turns per coil in the armature phase windings, 
and 

2. whether armature slot skewing is a necessity and if so, what is 
the necessary skewing angle, 

3. the question of whether the concept of advanced commutation 
(advanced firing of the inverter transistors which was dis- 
cussed in Chapter (2.0)) enhances the ability of the MPC sys- 
tem to achieve higher horsepower outputs, and if so, what is a 
suitable commutation advance angle? 

The determination of these various options for design modifications 
was accomplished by utilizing the combined power conditioner-permanent 
magnet machine dynamic performance model at various current commands 
and speeds, using the back-emf profiler and winding inductances ob- 
tained from the finite element solution of the magnetic field in these ma- 
chines, as described in Section (3.2.2). The models are used to pred- 
ict the performance of the MPC systems, that is, maximum output 
horsepower capabilities, currents and voltages througout the MPC sys- 
tem, etc. when two different sets of numbers of turns per coil are used 
in the windings of the samarium cobalt and strontium ferrite based ma- 
chine, respectively. In the samarium cobalt machine case, the effects 
of the use of 5 and 4 turns per coil (15 and 12 turns/path/phase) were 
simulated. The number of turns influences heavily the machine winding 
inductance, which in turn influences the MPC system performance, such 
as magnitudes and widths of voltage spikes across the inverter transis- 
tors, as well as rates of buildup of commutated phase currents. In the 
strontium ferrite machine case, the effects of the use of 4 and 3 turns 
per coil (12 and 9 turns/path/phase) were simulated. Notice that there 
are three coils per phase in both machines. Hence, for the 










samarium cobalt case, winding designs of 15 and 12 turns per path per 
phase were simulated, while in the strontium ferrite case, winding de- 
signs of 12 and 9 turns per phase were simulated. The effects of sta- 
tor slot skewing and commutation advance angle on the output charac- 
teristics of both machines were also investigated. Recall that by 
commutation advance (or advanced firing) angle, one means the relative 
displacement between the peak of the fundamental of the phase current 
and the fundamental of the induced armature phase emf. That is, the 
firing angle corresponds to the time at which one of the transistors of 
the power conditioner inverter is turned "on" to allow the buildup of 
current in a given phase. Hence, zero commutation advance means that 
the two phase current and emf peaks have zero displacement between 
them, and a 30° electrical (30°E) advanced firing is the angle by which 
the peak of the fundamental of the phase current leads the peak of the 
fundamental of the phase emf. In this MPC system for zero degrees of 
commutation advance, a phase current is "switched on" 30°E after the 
zero crossing in the phase emf waveform, and "switched off" 150°E aft- 
er that very zero crossing in the emf waveform. When the inverter 
transistors' firing is advanced by an angle, 6, the above angles become 
(30-6)°E and (150-6)°E, respectively. 

As mentioned earlier, because the energy product of the strontium 
ferrite material is considerably less than that of the samarium cobalt 
material, there is more likelihood for the strontium ferrite machine not 
to meet the output power requirements than the samarium cobalt ma- 
chine. This is the main reason why most of the simulation runs which 
will be shown next were made on the stontium ferrite machine. So that 
if the strontium ferrite machine meets the power requirements, so most 
likely will the samarium cobalt machine. 

The samarium cobalt and strontium ferrite machines are required to 
produce at least 15hp (11 kw) continuous and 35hp (26.1 kw) peak rat- 
ings. These power ratings have to be developed under a maximum 
supply voltage of 120V stipulated by the contractor, maximum transistor 
currents of 400 A which was dictated by the maximum available current 
capacity of transistors in the market at the time of construction, and 
machine speed range of 6000 to 9000 rpm dictated by mechanical consid- 
eration for the type of rotors and bearings being considered. Using 
the emf and inductance values obtained from the finite element analysis 
discussed earlier, simulation studies were done that yielded performance 
results which are discussed next. 

The maximum powers and peak currents developed by the 15 turn/ 
path/phase and 12 turns/path/phase winding designs of the samarium 
cobalt machine between 6000 and 9000 rpm were determined using the 
MPC dynamic simulation model describe earlier in this section, and are 
shown in Figures (3.3-5) and (3.3-6) respectively. From Figure 
(3.3-5), the 15 turn/path/phase winding machine is unable to attain the 
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35hp (26.1 kw) peak within the prescribed speed range. On the other 
hand, not only does the 12 turn/path/phase winding version meet the 
peak power specifications, but Figure (3.3-6) shows that the phase 
currents are less than the 400A. Similar studies were performed on the 
12 turns/path/phase and 9 turns/path/phase winding design versions of 
the strotium ferrite machine as indicated by Figures (3.3-7) and 
(3.3-8). Again, notice that the version with the lower number of turns 
meets both the peak power and phase current requirements. The rea- 
son why the peak electromagnetic power developed was much less in 
magnitude than the required 35hp (26.1 kw)peak for the 12 turns/path/ 
phase winding as opposed to the lower 9 turns/path/phase winding for 
the strontium ferrite machine is explained [24] next. 

The MPC dynamic simulation model at hand was used to obtain the 
starting current profiles on the armature side of the strontium ferrite 
machine in the motoring mode. This was done for the case with 12 
turns/path/phase and 9 turns/path/phase, assuming the same initial va- 
lue of phase current, with no commutation advance. The resulting 
starting current profiles were plotted until the phase current reached a 
steady state value. These two cases for 12 turns and 9 turns are 
shown in Figures (3.3-9) and (3.3-10), where the steady state ac phase 
current maximum value of about 28 Amperes and 250 Amperes were 
reached, respectively. Obviously the lower the number of turns the 
lower the inductances of the machine armature winding, the higher the 
current build up rates during commutation, and the higher the steady 
state values of current and developed power. Advancing the firing an- 
gle by 30°E leads to the starting and steady state current profile given 
in Figure (3.3-11), with a maximum steady state ac phase current of 
about 340 Amperes. Further evidence of the benefits of advanced fir- 
ing will be discussed later in this section. 

The above results indicate that a lower number of turns in both ma- 
chines enhance the MPC system power and current capabilities, and fa- 
cilitate the all important electronic commutation process of the phase 
currents. Therefore, the 12 turns/path/phase winding design for the 
samarium cobalt and the 9 turns/path/phase winding for the strontium 
ferrite machines were selected for the final design. 

Earlier in Section (3.2.4), it was stated that integral slot windings 
for both machines (that is, 18 slots and 6 poles which means one slot/ 
pole/phase) will be used instead of fractional slot windings in order to 
reduce complexities in th construction process. In so doing, the emf 
harmonics were increased as was shown in Section (3.2). In order to 
reduce these harmonics, it was decided to explore the possibility of 
skewing the stator core by a total amount of half a slot and a full r 'ot 
pitch as described in Reference [25], which is included in Appendix (b) 
for convenience. The effect of skewing was analytically accounted for 
by means of a skewing factor included in the winding factor. Figure 
(3.3-12) shows a typical effect of skewing of the stator slots on the in- 
duced armature waveforms. This emf was obtained from the finite ele- 
ment determined mid gap flux density distribution as discussed in 
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FIGURE (3.3-9) Simulated Current Buildup in the 
Strontium Ferrite Machine for 12 Turns and Zero 
Degrees E Commutation Advance 



FIGURE (3.3-10) Simulated Current Buildup in the 
Strontium Ferrite Machine for 9 Turns and Zero 
Degrees E Commutation Advance 



FIGURE (3.3-11) Simulated Current Buildup in the 
Strontium Ferrite Machine for 9 Turns and 
30°E Commutation Advance 
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Section (3.2). This figure shows the emf in the case of the strontium 
ferrite machine, with no skewing, half stator slot skewing and a full 
stator slot skewing. Notice that the armature skewed by a stator slot 
pitch produces a waveform approaching a sinusoid, which is better than 
in the case of either no armature skewing or armatue skewing by a half 
stator slot pitch. 

The resulting emf waveforms with a full slot skewing, for the sa- 
marium cobalt and strontium ferrite machines, with the chosen final 
number of turns/path/phase are shown in Figures (3.3-13) and 
(3.3-14), respectively. The corresponding emf sensitivity constants in 
Volts/Mechanical Radian/Second were given earlier in Table (3.2.1). 
The effect of skewing was also investigated using computer simulated 
waveforms determined by the dynamic simulation model applied to the 
strontium ferrite machine case. The phase currents and elctromagnetic 
torque for the case of no skewing, half slot pitch skewing, and full slot 
pitch skewing were obtained by simulation. This is shown in Figures 
(3.3-15) through (3.3-17). As shown by the values indicated at the 
top of the waveform, steady state phase currents, indicative of MPC 
system capability increase from 200 Amperes to 227 Amperes when one 
skews the aramature winding by one stator slot pitch. Thus, it was 
decided to skew the armatures of both machines by a full stator slot 
pitch . 

Another factor which affects the machine output is the commutation 
angle. This aspect is detailed in Reference [33], which is included in 
Appendix (8) for convenience. Recall that a commutation advance of 
0°E means that the phase current is injected 30°E after the zero cross- 
ing of the phase emf. Normal firing is a commutation advance of 0°E. 
Consider Figure (3.3-18) showing a sketch of the emf and phase cur- 
rent waveforms during normal firing, and at a commutation advance of 
30 degrees electrical. The period of conduction (when a phase current 
flows) is 120°E. It can be seen that at normal firing, both waveforms 
are centered with respect to one another, thus maximizing the volt-am- 
pere product for a given current and speed. However, under heavy 
loads, this normal firing angle limits the maxiumum value of current 
buildup. This is because higher values of emf oppose this current 
buildup at the instant of switching-on a phase under normal firing. 
Therefore, by advancing the commutation to a point where the emf is 
reduced (to zero), one allows a larger rate of current buildup, thus 
permitting capabilities for heavier loads. 

The above results and discussion lead one to look favorably upon 
the idea of advanced commutation, which was analyzed by simulation of 
"advanced firing" using the model at hand. The effect of advanced 
firing on machine performance is clearly illustrated by the computer si- 
mulated waveforms of Figures (3.3-19)* and (3.3-20)* for the strontium 
ferrite machine. These figures are plots of the simulated machine phase 
current and elecromagnetic torque for the cases of zero°E and 30°E of 
advanced firing of the strontium ferrite machine system. Figures 
13.3-21)* and (3.3-22)* are plots of the simulated phase current for the 
cases of 0°E and 30 degrees electrical commutation advance for the 12 
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FIGURE (3.3-12) Typical Effect of Skewing on 
Armature Induced EMF in the Strontium Ferrite 
Machine for No Skewing, Half Slot Skewing, 
and Full Slot Skewing at 8000 rpm. 
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FIGURE (3.3-13) Armature Induced EMF Waveform 
of the Samarium Cobalt Determined by 
Finite Elements, 9000 r.p.m. 
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FIGURE (3.3-14) Armature Induced EMF Waveform 
of the Strontium Ferrite Determined by 
Finite Elements. 9000 r.p.m. 






i jii i 


m&m 




FIGURE (3.3-15) Strontium Ferrite Machine Phase 
Current and Electromagnetic Torque in Amperes and 
Newton Meter, No Skewing, Zero Commutation Advance, 
at 8000 r.p.m., 9 Turns/Path/Phase. 
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FIGURE (3.3-16) Strontium Ferrite Machine Phase 
Current and Electromagnetic Torque in Amperes and 
Newton Meter. Half Slot Skewing, Zero Commutation 
Advance, at 8000 r.p.m., 9 Turns/Path/Phase. 
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FIGURE (3.3-17) Strontium Ferrite Machine Phase 
Current and Electromagnetic Torque in Amperes and 
Newton Meter, One Slot Skewing, Zero Commutation 
Advance, at 8000 r.p.m., 9 Turr.s/Path/Phase 
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ADVANCED AND NORMAL COMMUTATION OF 
PHASE CURRENTS IN MPC SYSTEM 


Phase Current During a Commutation 
Advance of 30 



FIGURE (3.3-18) Armature Induced Phase EMF and 
Phase Current for Normal and Advanced Commutation 
by 30° Electrical, 
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turns/phase winding at 9000 rpm of the samarium cobalt machine sys- 
tem. As these figures indicate, the values of the phase current and 
electromagnetic torque increased remarkably as the commutation advance 
changed from 0 degrees to 30 degrees electrical. The effect of advanc- 
ing commutation on the developed electromagnetic power is further illus- 
trated for the case of the samarium cobalt machine in Figures (3.3-23)* 
and (3.3-24)*, where advanced commutation by 30 degrees electrical 
lead to an increase in maximum electromagnetic power from 17.4kw to 
23.2kw. Hence, a commutation advance of 30° electrical was selected to 
be used in the final design, thus requiring a rotor position sensor 
which permitted this capability of 0°E and 30°E of advanced commutation 
for both machines. 
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The above effective use of computer simulation tools in assessing 
‘ j various design options led to the choice of reduced numbers of turns/ 

path/phase of 12 and 9 for the samarium cobalt and strontiumm ferrite 
r machines, respectively. It also led to the decision to skew both arma- 
tures by one stator slot pitch, an led to the choice of providing ad- 

vanced commutation capabilities in the rotor position sensor and power 
^ conditioner, in order to insure meeting all the rated and peak power 

.ewa requirements. Thus, final machine designs were arrived at as de- 

s"~- scribed in the next Section (3.4). 

Jr 
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5' 3.4 FINALIZATION OF MOTOR DESIGN 

fH- ' 

In the previous two sections, it was shown that it is highly desira- 
JkT :; ble to introduce three motor design modifications on the original prelim- 

inary designs of the samarium cobalt and strontium ferrite based ma- 
t chines given in Section (3.1). These three motor design modifications 

% can be summerized as follows: 
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1. It was found from finite element magnetic field analysis. Section 
(3.2), that skewing the armature (stator) slots by one slot 
pitch leads to considerable reduction in the harmonic content of 
the induced armature emf waveforms. The reduction in the 
harmonic content of the induced armature emf had an additional 
beneficial effect on the peak power capability cf the machine at 
hand, which was demonstrated by the results of the dynamic 
analysis of the MPC systems' interaction, Section (3.3). Ac- 
cordingly, it was decided to skew the armature slots by one 
slot pitch. 
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2. It was found from finite element magnetic field analysis. Section 
(3.2), that a reduction in the number of turns per path per 
phase from 15 turns/path/phase to 12 turns/path/phase (from 5 
turns/coil to 4 turns/coil) in the case of the samarium cobalt 
based machine, and a corresponding reduction in the number of 
turns per phase from 12 turns/path/phase to 9 turns/path/ 
phase (from 4 turns/coil to 3 turns/coil) in the case of the 
strontium ferrte based machine, led to a considerable reduction 
in the armature inductances. This was shown, on the basis of 
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FIGURE (3.3-19) Phase Current and Electro magnetic 
Torque for the Case of 0° Advanced Commutation of 
the Strontium Ferrite Machine, at 8000 r.p.m., 
9/Turns/path/phase 




FIGURE (3.3-20) Phase Current and Electromagnetic 
Torque for the Case of 30° Advanced Commutation of 
the Strontium Ferrite Machine, at 8000 r.p.m., 
9/Turns/path/phase. 
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FIGURE (3.3-23) Electromagnetic Power of the 
Samarium Cobalt Machine with the 12 Turn Winding 
at 9000 rpm and 0° Commutation Advance 
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FIGURE (3.3-24) Electromagnetic Power of the 
Samarium Cobalt Machine with the 12 Turn Winding 
at 9000 rpm and 30° Commutation Advance. 


ORKUHW.PWf W 
OF POOR Q UAUTtf 


139 


; V ^ 

4 





} 


/ 


M.' 


*• /” 



V s - 

£‘- 

.4 ir 

>■ . 







1/ 



y 

? 


the dynamic analysis of the MPC systems’ performance of Sec- 
tion (3.3), to lead to a considerable increase in the peak power 
capability of both motor systems (with the machine armatures 
connected in the parallel mode). Therefore, it was decided to 
build both machine armature windings with the lesser number of 
turns per phase, namely 12 turns/path/phase and 9 turns/ 
path/phase in the samarium cobalt and strontium ferrite based 
designs, respectively. 

3. It was demonstrated on the basis of the analysis of the dynamic 
performance of the MPC systems in Section (3.3) that advanc- 
ing the switching "on" and "off" of the inverter transistors by 
30 degrees electrical (advanced firing by 30°E) leads to dra- 
matic increases in the peak power capabilities of both machines, 
and facilitates considerably the process of phase current com- 
mutation that must take place every 60°E in the ac cycle on the 
armature side of the inverter/converter bridge. Therefore, it 
was decided to design and build the rotor position sensors of 
both machines with a capability of normal switching "on" and 
"off" of the inverter transistors (zero advanced firing), as well 
as a capability of advanced firing by 30°E in the ac cycle on 
the armature side. 

With the three above design modifications decided upon on the basis 
of the results of the aforementioned computer aided design methods (fi- 
nite element determination of machine parameters. Section (3.2), and si- 
mulation of the MPC system dynamic interaction using the FE determined 
parameters. Section (3.3), the two preliminary machine designs given 
earlier in Section (3.1) were finalized. Accordingly, the final designs 
of both samarium cobalt based, and strontium ferrite based machines *ed 
to the two armature core designs shown schematically in Figures (3.4-1) 
and (3.4-2). The main desig.i dimensions, and machine parameters are 
given below in Table (3.4-1). 
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FIGURE (3.4-1) Cross Section of the Samarium 
Cobalt Machine 



•NON-MAGNET IC MAGNET 
RETAINING STAINLESS 
STEEL SLEEVE 


FIGURE (3.4-2) Cross Section of the Strontium 
Ferrite Machine 
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TABLE (3.4-1) PARAMETERS AND CHARACTERISTICS OF THE 


SAMARIUM-COBALT 

BASED AND STRONTIUM 

FERITE BASED 

MOTORS FROM 

DESIGN CALCULATIONS 

AND TEST 

Parameter and Units 

Samarium Cobalt 

Strontium Ferrite 


Co^ Design 

Number 8 Design 

motor outside 
diameter, in. (cm) 

7.88(20.02) 

7.88(20.02) 

motor length, 
in. (cm) 

13.35(33.91) 

18.85(47.88) 

weight, lbs. (kg) 

60.0(27.2) 

127.0(57.16) 

stator lamination 
outside diameter, 
in. (cm) 

6.518(16.56) 

6.518(15.56) 

stator lamination 
stack length, in. 
(cm) 

4.00(10.16) 

8.50(21.59) 

stator lamination 
inside diameter, 
in. (cm) 

3.062(7.78) 

4.071(10.34) 

number of stator 
slots 

Id 

18 

number of poles 

6 

6 

rotor (magnet str.) 
outside diameter. 



excluding sleeve, 
in. (cm) 

2.930(7.44) 

3.930(3.98) 

rotor outside 
diameter 



including sleeve, 
in. (cm) 

3.000(7.62) 

4.000(10.16) 

rotor (magnet 
structure) axial 
length, in. (cm) 

3.60(9.14) 

8.75(22.23) 
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TABLE (3.4-1) CON’T. 

Parameter and Units 

Samarium Cobalt 
Co^ Design 

Strontium Ferrite 
Number 8 Design 

magnet (radial) 
length (in 
direction of 
magnetization) , 
in . (cm) 

0.490(1.24) 

0.740(1.88) 

magnet cross- 
sectional area 
per pole 
(perpendicular 
to flux), 
in. 2 (cm l ) 

3.766(24.30) 

12.163(78.47) 

total magnet 
volume (all 
poles), in 2 (cm J ) 

11.072(181.4) 

54.004(885.0) 

total magnet 
weight (all poles), 
lbs. (kg) 

3.23(1.47) 

9.56(4.34) 

rotor inertia 
constant, lb. ft. 
sec. l (kg.m 2 ) 

0.00234(0.0317) 

0.01200(0.0163) 

Y- connected 

armature 

winding 

yes 

yes 

armature winding 
configuration . 
(connection) 

series/parallel 

series/parallel 

method of harmonic 
reduction 

skewing by 
one 

stator slot 

skewing by 
one 

stator slot 

maximum allowable 
winding temp.°C 

170.0 

170.0 
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TABLE (3.4-1) CON’T. 

Parameter and Units 

Samarium Cobalt 
Cog Design 

Strontium Ferrite 
Number 8 Design 

rated input voltage 
(on dc side), volts 

120.0 

120.0 

rated armature 
current (on dc side), 
amperes 

125.0 

125.0 

rated horsepower, hp. 

15.0 

15.0 

♦speed at rated 
horsepower, r.p.m. 

*8680 

♦8840 

♦torque sensitivity 
at high speed armature 
winding connection, 
lb. ft ./ampere 
(Newton Meter/ Ampere) 

*0.0885(0.22999) 

*(0.0992) 

back emf sensitivity 
(constant) at peak of 
sine wave for high 
speed armature winding 
connection, volts/mech. 
radian/sec. 

0.1200 

0.0993 

armature winding 
resistance (line to 
line) for high speed 
armature connection 
25°C, ohms 

0.0047 

0.049 

♦torque sensitivity 
at low speed armature 
connection, 
lb. ft/ampere 
(Newton Meter/ampere) 

*0.1770(0.23998) 

*0.1464(0.19849) 





TABLE (3.4-1) CON'T. 

Parameter and Units 

Samarium Cobalt 
Co^ Design 

Strontium Ferrite 
Number 8 Design 

back emf sensitivity 
at peak of sine wave 
for low speed 
armature connection 
volts/mech. radian/sec. 

0.2400 

0.1986 

armature winding 
resistance 
resistance (line 
to line) for high 
speed armature 
connection 25°C,ohms 

0.0047 

0.0049 

♦torque sensitivity 
at low speed armature 
connection, 
ib. ft. /ampere 
(Newton Meter/ ampere) 

*0.1770(0.23998) 

0.1464(0.19849) 

back emf 

sensitivity at peak 
of sine wave for low 
speed armature 
connection, volts/ixech . 
radian/sec. 

0.2400 

0. 1986 

armature winding 
resistance (line to 
line) for low speed 
armature connection 
25°C, ohms 

0.0188 

0.0196 

maximum r.p.m. for 
low speed armature 
connection, r.p.m. 

4300 

4500 
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TABLE (3.4-1) CON’T. 

Parameter and Units 

Samarium Cobalt 
Co^ Design 

Strontium Ferrite 
Number 8 Design 

maximum horsepower 
hp 

35.0 (26.1 kw) 

35.0 126.1 kw) 

♦motor speed at 
maximum horsepower 
r.p.m. 

*6900 

*6750 

armature current at 
maximum horsepower 
amperes 

291.6 

291.6 

Thermal Time 
Constant (minutes) 

3b min. 

15 mir. 

Steady State Top 
Rise Above Amb. 
25°C 

128°C 

113°C 

♦Obtained from test Measurements 
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On the basis of the final designs summarized above, the samarium 
cobalt based and strontium ferrite based machines were constructed. A 
pictorial review of the construction steps may be useful here. 

Figures (3.4-3) and (3.4-4) show the stator core of the samarium 
cobalt based machine after assembly, before and after installation of the 
slot lining material. Notice the six inch long scale included in the pic* 
ture for proper perspective. Figures (3.4-5) through (3.4-8) show the 
armature of the samarium cobalt based machine installed in its aluminum 
housing, viewed from different angles. Again, notice the six inch long 
scale included for proper perspective. Figure (3.4-9) depicts the sa- 
marium cobalt magnet based rotor in its finished form after installation 
of the nonmagnetic stinless steel magnet retainment sleeve. The major 
components of the samarium cobalt based motor: the armature in its 

casing, the end bells, the rotor, the rotor position sensor, and 
through-bolts are all shown in Figure (3.4-10), with a six inch long 
scale again for proper perspective. Finally, Figures (3.4-11) through 
(3.4-13) depict the assembled samarium cobalt based machine including 
its rotor position sensor at one end of the shaft. 
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FIGURE (3.4-4) Stator Cora Viaw No. 2 
Samarium Cobalt Machina 
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FIGURE (3.4-5) Armature 
View Number 1 Samarium 
Cobalt Machine 
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FIGURE (3.4-6) Armature 
View Number 2 Samarium 
Cobalt Machine 
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FIGURE (3.4-7) Armature 
View Number 3 Samarium 
Cobalt Machine 
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FIGURE (3.4-9) Assembled Rotor 
Samarium Cobalt Machine 




FIGURE (3.4-10) Components of Samarium 
Cobalt Machine 



ORIGTNAC MBS 

BLACK AND WHITE PHOTOGRAPH 


149 







Figures (3.4-14) and(3.4-15) show the stator core of the strontium 
ferrite based machine after assemoly, while Figures (3.4-16) and 
(3.4-17) depict that core during the process of installing the armature 
winding. Notice the six inch long scale included in the pictures for 
proper perspective. Figures (3.4-18) through (3.4-21) show the com- 
pleted armature after it was installed in its aluminum housing, again 
notice the six inch long scale included in these pictures. Figures 
(3.4-22) and (3.4-23) show the rotor shaft and magnet assembly, while 
Figure (3.4-24) depicts the complete rotor assembly after installing the 
nonmagnetic stainless steel magnet retainment sleeve. Figure (3.4-25) 
illustrates the completed armature in its housing, as well as the rotor, 
in the presence of the six inch long scale for proper perspective. Fi- 
nally, Figures (3.4-26) through (3.4-28) depict the assembled strontium 
ferrite based machine including its rotor position sensor at one end of 
the shaft. Notice the presence of a twelve inch long scale included in 
these pictures for proper perspective. 

For comparison purposes. Figures (3.4-29) and (3.4-30) illustrate 
the completely assembled samarium cobalt and sroritium ferrite based 
machines side by side. For proper perspective notice the presence of a 
twelve inch long scale in both of these pictures. Both of these ma- 
chines are designed for operation by the same power conditioner whose 
design is detailed in the next Chapter (4.0). 
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FIGURE (3.4-11) Assembled Samarium Cobalt 
Machine View Number 1 
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FIGURE (3.4-12) Assembled Samarium Cobalt 
Machine View Number 2 


FIGURE (3.4-13) Assembled Samarium Cobalt 
Machine View Number 3 
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FIGURE (3.4-14) Sator Core View Number 1 
Strontium Ferrite Machine 
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FIGURE (3.4-15) Sator Core View Number 2 
Strontium Ferrite Machine 
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FIGURE (3.4-16) Partially Wound Armature 
View Number 1 - Strontium Ferrite Machine 



FIGURE (3.4-17) Partially Wound Armature 
View Number 2 - Strontium Ferrite Machine 
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FIGURE (3.4-18) Armature 
View Number 1 Strontium 
Ferrite Machine 
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FIGURE (3.4-19) Armature 
View Number 2 Strontium 
Ferrite Machine 
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FIGURE (3.4-£0) Armature 
Number 3 Strontium 
Ferrite Machine 



FIGURE (3.4-21) Armature View 
View Number 4 Strontium 
Ferrite Machine 
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FIGURE (3.4-22) Shaft and Magnet View 
Number 1 - Strontium Ferrite Machine 



FIGURE (3.4-23) Shaft and Magnet View 
Number 2 - Strontium Ferrite Machine 
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FIGURE (3.4-24) Shaft and Magnet View 
Number 3 - Strontium Ferrite Machine 
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FIGURE (3.4-27) Assembled Strontium Ferrite 
View Number 2 




FIGURE (3.4-28) Assembled Strontium Ferrite 
View Number 3 
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4.0 POWER CONDITIONER 


The power conditioner, the design of which is detailed in this chap- 
ter, is depicted in the photographs of Figures (4.0-1) through (4.0-3). 
The power components are described next. 


4.1 POWER COMPONENTS 

The power components of the power conditioner at hand are the 
transistor switches, the chopper inductor, the filter capacitor and all 
the associated diodes, and other support equipment. All these are de- 
tailed below. 


4.1.1 POWER TRANSISTORS 

The choice of transistors for the inverter and chopper functions was 
very straightforward. At the time (early 1980), there was only one 
transistor available at reasonable cost of sufficiently high ratings to 
perform these functions without resorting to paralleling techniques. 
This was the Toshiba Giant Transistor 2SD648. This transistor was 

rated at 300V and 400A (l^). This voltage rating was barely 

adequate to handle the sum of the supply voltage plus tlie back e.m.f. 
plus an allowance for switching transients. No other transistor was 
available with a collector current rating over 300A. while having an 
adequate voltage rating except a Power Tech transistor at about three 
times the cost. Since peak power conditioners required an inductor 
current of slightly over 300A, this eliminated other transistors. The 
use of this transistor had several deleterious effects on the final de- 
sign: 

1. the mechanical mounting provision required excessive space, 
causing the total electronics package to be unnecessarily large 
(even though it was within the specifications), and 

2. the lack of external access to the base of the output transistor 
of the Darlingtor pair caused the turnoff time to be long, 
which led to higher switching losses than necessary. 

Transistors more suitable are now available, and their use is discussed 
in Section 6.2. 
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FIGURE (4.0-1) The Power Conditioner Viewed From the 
Chopper Choke and Filter Capacitor Side 
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FIGURE (4.0-2) The Power Conditioner Viewed From the Top 
With the Base Drive Circuits in Full View 
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FIGURE (4.0-3) The Power Conditioner - A Side View 
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In order to prevent any possiblity of transistors and Qg of Fig- 
ure (2.1-3) turning on simultaneously due to any noise or malfunction 
in the control electronics, one transistor was used for both functions, 
the collector and base being switched to the appropriate circuit points 
by a DPDT relay, A relay to perform this function which would take 
advantage of the "dry" (no-load) switching characteristics was designed 
and built in-house. The control of this relay is discussed in Section 
4.4.2. 
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4.1.2 SNUBBER DESIGN 


The snubbers (shown in Figure (4.1-1)) were designed to absorb 
the energy stored in the distributed inductance of the leads of the 
power transistors. This distributed inductance was estimated to be less 
than ,25yH. Using this value, the energy stored at a transistor cur- 
rent of 300A is 

w = iLI* = i x ,25x 10'* x 300 2 = .0113 J. 

It was necessary that the snubber capacitor absorb this energy without 
allowing the transistor voltage to exceed about 275V, when the steady 
state open circuit voltage across the transistor may be as high as 230V. 
Since the energy stored in the capacitor is CE 2 /2,the capacitance may 
be found from the relation: 


or • 


5 x C X (E 


2 

max 


E 2 

o. 



= w 


C = 2w/(E 2 -E 2 ] = 2x .01 13/275 2 -230 2 ] = 1yF. 

max o.c J J 

To provide a safety factor, a value of 1.76 jjF was used. 

To insure that this capacitor was completely discharged during the 
time that the power transistor was conducting, the time constant of the 
RC circuit was taken to be a maximum of lOys. Thus, if RC = lOys, 

R = 10 x 10**/1 . 76 x 10'* = 5.7 S. 


A value of 5ft was used. Since, at each discharge of «1ve snubber ca- 
pacitor, an energy of CE 2 /2 is dissipated in the resisto**, the power 
rating of this resistor must be 

P = sCE J f = i x 1.76 x 10'* x 275 2 » 450 = 30W 
m 

for the inverter transistors and 

P = i x 1.76 x 10'* x 275 2 x 5000 = 333W 
for the chopper transistor. 
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Not only would the power dissipated in the snubber resistor of the 
chopper be excessive, but the distributed inductance of this portion of 
the circuit was too high for the 1.76yF capacitor. Therefore, the 

switching transient for this transistor was suppressed by clamping to 
the positive and negative busses. The clamping network is shown in 
Figure (4.1-2). This proved to be a very effective means of transient 
suppression, restricting the peak voltage across the transistor to about 
150V. However, it did not improve the operation of the transistor 
within the safe operating area. 


4.1.3 BASE DRIVE DESIGN 

The base drives for the power transistors were designed to provide 
a base current of 4A at a base-emitter voltage of 2V. In order to re- 
move the stored charge and to turn off the transistor as rapidly as 
possible, the base drive was designed to apply a negative voltage to 
the base- emitter junction when the transistor is to be turned off. 
This was accomplished by using a bridge circuit made up of complemen- 
tary npn-pnp transistors. The transistors chosen for this purpose 
were ZN6486 npn transistors and ZN6489 pnp transistors. The circuit 
is shown in Figure (4.1.3). 

Shown in this figure is the 6N135 optical coupler which provides 
electrical isolation between the low-level electronics and the base drive. 
When current flows through the input diode of this device, the light 
sensitive transistor is turned on. This causes a low voltage to be ap- 
plied to the gates of the VN46AF field effect transistors, turning them 
off. This, in turn, allows the drains to rise to their high level. Point 
X is driven high and point Y is driven low by the inverter transistor 
VN46AF. Thus, a positive V^ is established. When the input is 

deenergized, the process is reversed to establish a negative voltage 


The .25(2 resistor serves to limit the base current in the power 
transistor. With a base-emitter voltage of about 2V on the power tran- 
sistor in saturation and a collecto r -emitter voltage of about IV on each 
drive transistor, a total voltage drop of about 4V is expected across 
the transistors at saturation. Since the supply voltage is 5V, a drop 
of IV is expected on this resistor at a base current of 4A. Thus the 
value of .25(2 was chosen. 


4.1.4 CHOPPER INDUCTOR DESIGN 

The function of the chopper inductor is to reduce the switching 
frequency of the chopper. A maximum chopper frequency no greater 
than 5kHz was desired. This frequency would be attained when the 
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back emf was one half of the applied voltage. Under these consditions, 
the on and off times of the chopper would be equal. It was decided to 
use a current differential of 15A. That is, the chopper was turned off 
at a current level 15A higher than the current at which it was turned 
on. On the basis of these values, the necessary inductance was calcu- 
lated as 


L = [vAT/Al] = [57.5 x .0001/15] = ,383mH. 

This inductance was to be obtained at 200A inductor current. 

The core of the inductor was chosen as Allegheny-Ludlum Steel 

Corporation lamination L-10, in .014 inch (.036 cm) thick AISI alloy 

number M-15. A triple thick lamaination stack was used, so that the 

cross-sectional area of the core, A was 1.25 inch (3.175 cm) by 3.75 

c 

inch (9.525 cm). The window area was 1.5 inch (3.81 cm) by 3.5 inch 
(8.89 cm). An air gap length, L of .125 inch (.3175 cm) was used. 

The effective air gap area was found by adding the gap length to each 
of the cross-sectional dimensions as 1.375 inch (3.493 cm) by 3.875 inch 
(9.843 cm). Thus the effective air gap area, A^, was 

A = 3.493 x 9.843 = 34.4 cm 2 
9 

and the permeance of the gap was 

P = A y n /2L = 34.4 x 10'“ x 4ir x 10' 7 /2x.3l.75 x 10' 2 
g 0 a 

= 6.8 x IQ' 7 MKS units. 

If the flux density in the core, B^, at 200A is taken to be 1.2 Tesla, 

with a stacking factor of .94, then the flux density in the air gap is 

B = B r k [A^/A ] 
g C s l o g J 

= 1.2 x .94 x [1.25 x 3.75/1.375 x 3.875] = .992 Tesla. 

Then the mmf of the air gap is 

F = B^Tl /y n ] = .992 x .3175 x 10' 1 x 2/ [4 -it x 10' 7 ] 
g g a U-* 

= 5013 AT. 

At a flux density of 1.2 Tesla, the field intensity in the core is given 

by the manufacturer's data as 4 Oersted or 318 AT per meter. The 

length of the core is given as .38m, so that the mmf in the core is 

F c = L c x H c = .38 x 318 = 121 AT. 

Thus, the total mmf is 5134AT. If the current is 200A, then the num- 
ber of turns, 


N = F/l = 5134/200 = 25 turns. 
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FIGURE (4.1-3) Base Drive 
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Since the reluctance of the core is almost negligible, the inductance can 
be calculated as 


L = N 2 P = 25 2 * 6.8 x 10' 7 = 425yH . 

The windings were made of Number 8 AWG magnet wire, 25 turns/layer, 
5 layers/coil, 2 coils, giving a total of 10 strands in parallel. 

The length of the average turn is 13 inches. Thus, the length of 
25 turn coil is 27.1 ft. The resistance of Number 8 AWG wire is 
. 7948/1000 ft. The winding resistance is 

R = 27.1 x .794/10 = 2.15mft. This gives a calculated 
copper loss at rated current of 120A of 31W. Since Number 8AWG cop- 
per wire weighs 50 Ib./IOOO ft. the weight of the winding is 

W = 27 x 10 x 50/1000 = 13.5 lb. 

The core weight is given as 17.7 Id., so that the total weight of the 
inductor is 31.2 lb. 


4.2 COOLING OF POWER CONDITIONER COMPONENTS 


The power conditioner unit consists of seven Toshiba Giant 
G-TR2SD648-1 transistors, [1], as well as eight International Rectifier 
400 Ampere fast recovery rectifiers, [2]. Both of these devices use a 
"hockey-puck” type package which allows double side cooling. The 
maximum operating junction temperatures are 125°C and 175°C for the 
transistor and diode respectively. To prevent failure of these devices 
due to excessive junction temperatures during the normal and peak op- 
erating conditions, temperature limits on the transitors and diodes of 
115°C an 165°C were imposed in order to provide a 10°C minimum safety 
margin . 


Thermal data on these two devices can be found in References [1] 
and [2], Based upon this data, a simplified steady state thermal model 
of these elements can be expressed in terms of three thermal resistanc- 
es Rjq, ^CS' anc * ^SA as s * lown in F‘9 ure (4.2-1). Here R JC repre- 
sents the thermal resistance between the junction and the case while 
R^ an R^ a represent the thermal resistances between the case and the 

sink and between the sink and ambient respectively. 

The power dissipated in these devices is assumed to flow from the 
junction to the case, from the case to the heat sink, and finally from 
the heat sink into ambient as shown in Figure (4.2-1). Consequently 
the dissipated power P^ can be expressed in terms of the thermal re- 
sistances - R JC , R cs R $a ) and the junction, case, sink, and ambient 
temperatures 


T J' T C' 


S' 


T^} as follows: 
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[Tj - TcJ/Rjc [Watts] 

(4.2-1) 

(T c - T $ ]/R cs [Watts] 

,4.2-2) 

[T s - T A ]/ R SA [Watts] 

(4.2-3) 

and R^g are known from the 

data sheets, [1] and 


[2], there is only one unknown parameter remaining and that is the 
thermal resistance of the heat sinks. 


The maximum allowable value of such that the thermal limits of 

the transistors and diodes are not exceeded can be determined by exa- 
mining the operating points at which the losses are maximum. For the 
two systems, subject of this report, this corresponds to the 35hp peak 
operating point. Even though the 35hp peak rating is for one minute 
only, which is less than the time required to reach steady state temp- 
eratures, the heat sinks were sized to handle this load continuously as 
a safety precaution. 

It will be assumed that at the 35hp operating point the inverter-mo- 
tor system has an overall efficiency of 75o with an input battery voltage 
of 115V and the maximum ambient temperature of 50°C. The average dc 
current flowing into the inverter in this case would be 

l DC = [(35 * 746/0. 75)/115] = 302. 7A (4.2-4) 

At the peak rating point, the chopper transistor would be on conti- 
nuously ar.d would therefore have to handle Iqq continuously. The in- 
vertor transistors on the other hand, see this current only one third of 
tne time. Therefore bears the heaviest thermal load at this operat- 
ing point. 

To calculate the chopper losses under these conditions requires the 
value of for the value of l^ given in Equation (4.2-4). The 

sat 

transistor data sheets, [1], indicate that with a nominal base current of 
4 Amperes, the collector to emitter voltage drop of this transistor at a 
current of 302.7 [A] is 1.40 [V]. Therefore the forward conduction 
losses are 


P D = V CE l DC = 302.7 * 1.40 = 423. 8 [Watts] (4.2-5) 

Assuming that the junction temperature of the transistor is limited to Tj 

s 115°C, then the temperature differential between the sink and the 
maximum ambient temperature of 50°C is 


T s - T A = M15 - 423.8 » 0.04) - 50 = 48.048°C (4.2-6) 

Consequently the maximum thermal resistance of the chopper transistor 
heat sink, such that Tj is below 115°C, is given by: 
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THERMAL MODEL OF TRANSISTORS AND DIODES 
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FIGURE (4.2-1) Steady State Thermal Model of Power 
Conditioner Transistors and Diodes 
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R sa = 48.048/423.8 = 0.n3[°C/W] (4.2-7) 

To reduce the overall system complexity and cost, it was decided 
not to use liquid cooling. Therefore only forced or natural ventilation 
usin? air as the heat transfer medium was examined. Also since both 
the transistors and diodes use a hockey puck package, it was decided 
to utilize double sided cooling to maximize the heat tr< <sfer. 

Based upon the size of the transistors and the mounting clamps, a 
heat sink with a width of fix e inches and a length cf about six inches 
(.152 m) was determined as the minimum size required to adequately 
mount these transistors. These specifications were met by two six inch 
long heat sinks, Thermalloy Number 6740 heat sink extrusions, Refer- 
ence [3] . 

The maximum allowable power dissipation vs CFM of air flow for thi'. 
heat sink are plotted in Figure (4.2-2) assuming a maximum junction 
temperature of 115°C at ambient temperatures of 25 and 50°. These 
curves were plotted using thermal data of this heat sink from data ob- 
tained in Reference [3]. Notice that even at the maximum ambient 
temperature of 50°C, this heat sink can handle the full 423.8 Watt load 
with 96 CFM of forced ventilation. Consequently this sink was chosen 
since it is close to the minimum size heat sink necessary for the given 
transistor cooling configuration. 

In the case of the diodes, the length of the heat sinks was reduced 
from 6 inches (.452 m) to 4.5 inches (.114 m) due to a smaller diode 
package and because of the higher allowable junction temperatures of 
175°C (limited to 165°C). Since the maximum junction temperature of 
the diodes was limited to 165°C, the maximum power dissipations versus 
CFM at ambient temperatues of 25 and 50°C was obtained using data 
given in (3], and is plotted in Figure (4.2-3). The diode power loss, 
with a constant dc current of 300[Ajj corresponding to 35hp is only 
332(W]. This amount of heat can easily be dissipated by the heat sink 
without exceeding the Tj limit of 165°C. 

The above mentioned diode and transistor heat sinks were mounted 
in a tunnel with the heat sink fins aligned with the axis of the tunnel. 
Two ventilation fans were mounted at the end closest to the chopper 
transistors in order to provide the coolest air for this switch. Temper- 
ature measurements of the transistor and diode temperatures verified 
that all switching devices remained within safe temperature limits under 
all operating conditons with the ventilation fans on. 


4.3 POSITION SENSOR 

In order to control the firing of the inverter transistors during 
commutation, it is necessary to know which state of the commutation se- 
quence is appropriate. It is thus necessary to sense the rotor position 
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and to find in which 60°E arc the rotor is positioned. This sensing is 
accomplished by two sets of three Hall sensors mounted on the stator. 
These Hall sensors are excited by a six pole permanent magnet field 
mounted on the rotor. 


4.3.1 SENSOR ROTOR 

The assembly of the rotor of the position sensor is shown in Figure 
(4.3-1). Each of the six magnets shown is made of samarium-cobalt 
and has cross-sectional dimensions of .008m (.3in.) by .012m (.462 
in.). These magnets are mounted on a hexagonal hub ,021m (.812in.) 
across the flats. After mounting, potting and grinding the magnets, a 
retaining sleeve is cemented in place on the outer diameter. This 

sleeve, made of soft magnetic steel, increases the pole span and pro- 
vides structural integrity for the rotor at high speed to avoid depend- 
ing on the cement holding the magnets to the hub. 

The flux density in the air gap is calculated to be .315 Tesla 
(20.3KL/in 2 ) . 


4.3.2 SENSOR STATOR 

The stator assembly of the rotor position sensor (exclusive of the 
housing and mounting hardware) is shown in Figure (4.3-2). The lami- 
nations are made of 29 guage AISI type M-15 steel. These are cement 
ed together and machined to receive the Hall effect sensors These sen- 
sors are spaced 20° apart mechanically, which provides a spacing of 
60°E. The second set of sensors is mounted 130° from the first. 

Thus, for advanced firing, the second set of sensors is located 390°E 
(or 30°E) from the first set. As a result of this geometry, the output 
of +' * sensors is as shown in Figure 4.4-2 of the next section. 


4.4 LOW LEVEL CONTROL ELECTRONICS 

The function of the low level control electronics is to control the 
firing of the power transistors of the inverter and chopper in accor- 
dance with the rotor position, the- commanded motoring or braking tor- 
que, the desired direction of rotation, and the need for advanced fir- 
ing. In addition, there are several protective functions which are 
incorporated into this system. The circuit diagram of the low level 
control electronics is shown ir Figure (4.4-1). The dc power supply 
for the low level control electronics, as well as tl <. base drives, was a 
commercially available multiple output supply. 
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FIGURE (4.3-1) RPS Rotor Assembly 



FIGURE (4.3-2) RPS Stator Assembly 
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4.4.1 THE PROM GF P0 °X QUaUTY 

The heart of the control electronics network is a 256 x 8 bit PROM 
which is composed of two N82S126 PROMs operating in parallel. The 
eight' input signals to this PROM are the six rotor position outputs 
(normal and advanced firing), the forward/ reverse signal, and the nor- 
mal/advanced firing signal. Six of the eight outputs (three on each 
PROM) are used for controlling the inverter transistors. The other two 
outputs (one on each PROM) are used to control an alarm circuit to 
shut down the inverter in the case of an illegal set of inputs from the 
rotor position sensor. 


Figure (4.4-2) is a timing diagram showing the state of the six out- 
puts of the rotor position sensor for any shaft position, together with 
the necessary state of the inverter transistors for proper torque pro- 
duction. On the basis of this diagram, the contents of the PROM are 
chosen as in Table 4.4.1. In setting up this table, the input number 
is the hexadecimal equivalent of the binary number a-ja^a^a^a^y*]* 0 

where a-j - normal/advanced firing signal (I = advanced). 

ag = forward/reverse signal (I = reverse) 
a^ = rotor position sensor output C' 
a^ = rotor position sensor output B’ 
a^ = rotor position sensor output A' 

Sj ~ rotor position sensor output C 
a^ = rotor position sensor output B 
ag = rotor position sensor output A. 

Thus, for s command of forward, advanced firing when A, A’ and B' 
are high and B,C and C’ are low, the input number would be 10110100 
binary or B4 hexadecimal. 


The output number is the hexadecimal equivalent of the binary num- 
ber bybgbgb^bgbgb^bQ where 

by = output 4 of PROM 114 (0 = alarm) 
bg = output 3 of PROM U4 (0 - Q6 on) 

bg = output 2 of PROM U4 (0 = Q5 on) 

b^ = output 1 of PROM U4 (0 - Q4 on) 

bg = output 4 of PROM U3 (0 = alarm) 
bg = output 3 of PROMU3 (0 = Q3 on) 
b^ = output 2 of PROM U3 (0 = Q2 on) 

bg = output 1 of PROM U3 (0 = Q1 on) 
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FIGURE (4.4-2) Timing Diagram (RPS - Inverter) 


181 











Thus, for the previous example with an input of B4, the output from 
Table (4.4.1) would be 11101011 binary or EB hexadecimal. It should 
be noted that this PROM configuration permits advanced firing for eith- 
er direction of rotation. 

In addition to the data inputs, each PROM chip has two inhibit 
gates, CE^ and CEj. The presence of a positive voltage on either gate 

will prevent any output from going negative and thus turns off the in- 
verter transistors. One of these inhibit gates is used to turn off the 
inverter during regeneration. The signal to accomplish this is taken 
from the brake potentiometer through U2A and U8B to inhibit gate CE^ . 

. second signal which can operate this inhibit gate through U8B is the 
current inhibit signal from pulse generator U9A. The second inhibit 
gate, CEj, is controlled by the flip-flop U9B, which is actuated by any 

alarm signal received from NAND gate U7C. 


4.4.2 TORQUE CONTROL AND BRAKING 

The control of the torque of the machine in both motoring and re- 
generative braking modes is accomplished by controlling the current 
flowing to or from the machine. This is done by measuring the current 
in the chopper inductor, comparing it to a reference signal coming from 
the accelerator or brake potentiometer, and turning the chopper tran- 
sistor on or off according to whether the difference is positive or nega- 
tive by a sufficient amount. 

The inductor current is sensed by measuring the mmf around the 
inductor lead with a pair of Hall sensors which will be described in the 
next section. The outputs of these sensors are amplified by operational 
amplifiers U1C and U1D. These op-amps also remove the bias from the 
sensor signals. At the same time, the output of the accelerator or 
brake potentiometers is being filtered and bu'fered by op-amps U1A and 

UIB. 

For motoring control, the output of U1A, which becomes more nega- 
tive as the accelerator setting is increased, is added to the output of 

UIC, which becomes more positive as the inductor current increases. 
The input to pin 4 of U5A will be positive f the inductor current ex- 
ceeds the commanded value and negative if it is smaller than the com- 
manded value. A small amount of positive feedback is provided to pin 5 
of U5A to generate a hysteresis of about 15A in the inductor current. 
If the inductor current is high enough ♦ > overcome the hysteresis of 
U5A, the output of this comparator will be low, causing the output of 
NAND gate U7A to be high, the output of NAND gate U7B to be low, 
turning off the 2N2222 transistor and, therefore, turning off the chop- 
per transistor. If the inductor current is low enough to overcome the 
hysteresis of U5A, an opposite switching effect occurs, turning on the 
chopper transistor, providing the inhibit inputs 1 and 2 of NAND gate 
U7A are positive. 



TABLE (4.4-1) 




CONTENTS 




AO DB 
A1 DB 
A2 DB 
A3 DB 
A4 DB 
A5 DB 
A6 DB 
A7 DB 
A8 77 
A9 77 
AA 77 
AB 77 
AC 77 
AD 77 
AE 77 
AF 77 
BO EB 
B1 EB 
B2 EB 
B3 EB 
B4 EB 
B5 EB 
B6 EB 
B7 EB 
B8 ED 
B9 ED 
BA ED 
BB ED 
BC ED 
BD ED 
BE ED 


CO BD] 
Cl BD 
C2 BD 
C3 BD 
C4 BD 
C5 BD 
'*6 BD 
C7 BD 
C8 ED 
C9 ED 
CA ED 
CB ED 
CC ED 
CD ED 
CE ED 
CF ED 
DO 77 
D1 77 
D2 77 
D3 77 
D4 77 
D5 77 
D6 77 
D7 77 
D8 EB 
D9 EB 
DA EB 
DB EB 
DC EB 
DD EB 
DE EB 
DF EB 


EO BE 
El BE 
E2 BE 
E3 BE 
E4 BE 
E5 BE 
E6 BE 
E7 BE 
E8 77 
E9 77 
EA 77 
EB 77 
EC 77 
ED 77 
EE 77 
EF 77 
FO DE 
FI DE 
F2 DE 
F3 DE 
F4 DE 
F5 DE 
F6 DE 
F7 DE 
F8 DB 
F9 DB 
FA DB 
FB DB 
FC DB 
FD DB 
FE DB 
FF DB 
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Regenerative braking is controlled by an identical process. Addi- 
tionally, when a braking command is generated by the brake potentiom- 
eter, the output of U2A is switched negative. The negative output of 
U2A performs three functions: 

1 . the output of the accelerator comparator U5A is clamped low; 

2. the relay which switches the chopper transistor from the mo- 
toring to the braking configuration is driven to the braking 
position through the time delay circuit of U2C; and 

3. a negative pulse is generated by the exclusive OR gates U10A 
and U10B, which is transmitted through AND gate U8A to pulse 
generator U9A. This triggers a 500ms negative pulse, which 
inhibits the firing of the chopper transistor and the inverter 
transistors during the time of the relay switching. Thus, the 
relay is never carrying appreciable current during the switch- 
ing operation. 


4.4.3 THE CURRENT SENSOR 

It became evident early in the design process that the use of a 
shunt for current sensing would introduce a large power loss. In ord- 
er to avoid this loss, an electronic sensor using Hall effect devices was 
designed and built. This sensor detected the magnetic field surround- 
ing the wire carrying the current and generated a voltage proportional 
to the field intensity. 

The Hall effect sensors used were Sprague Electric Company type 
UGN-3501T Linear Output "Hall Effect" Sensors. These sensors have a 
nominal output voltage of 3.6 Volts with no magnetic field. This output 
voltage varies by about 6.67 Volts per Tesla of magnetic flux. The 
maximum linear range of the device is about ±0.2 Tesla. In order to 
obtain the maximum sensitivity appropriate to this application, the flux 
density of 0.2 Tesla should correspond to 300A. Such a flux density 
required the use of a magnetic core. 

A ferrite core (Magnetics Incorporated type 41605-TC material G) 
was placed around the wire in order to increase the magnetic field due 
to the current. It was desired to obtain a flux density of 0.2 Tesla 
with only one turn of wire. This would permit the sensor to be slipped 
over the wire. To achieve such a flux density would require an air 
gap of .074 inches. This would be loo small to insert the Hall effect 
devices. Thus, an air gap of .093 inches (.236 cm) was used. This 
air gap, at a magnetomotive force of 300 Ampere-turns, has a field in- 
tensity of 1.27 * 10* Ampere-tc^ns per meter which corresponds to a 
flux density of .16 Tesla. Given the sensitivity of the Hall effect dev- 
ices, the output of the device changes by about 1 Volt at an inductor 
current of 300 Ampere. 
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4.4.4 PROVISION FOR SERIES-PARALLEL OPERATION 


At the outset of the project, it was not clear whether the drive cycle 
requirements for acceleration could be met with a limiting current of 
about 300 Amperes. For this reason, provision was made to double the 
number of turns per phase, and so to double the torque constant, by 
using two sets of coils which could be connected either in a series or 
parallel configuration. A relay was to be usrd to accomplish this 
switching. Provision for driving this relay has been provided m the 
control electronics. 

A switch has been provided which furnishes a signal to the inputs 
of U2D, U10C, and U10D. The output of U2D can be used to control a 
pair of power transistors to drive a relay which would accomplish the 
series-parallel switching operation. The exclusive OR gates U10C and 
U10D generate a negative pulse any time the selector switch is operated 
in either direction which triggers the current inhibit pulse generator 
U9A to turn off the chopper and inverter transistors during the 
switching operation. 

A commercially available relay capable of performing this switching 
operation would have been prohibitively expensive. An attempt was 
made to fabricate a relay which would take advantage of the "dry 
switching" characteristic of the application. This relay did not perform 
satisfactorily. Since it was found that the system permitted perfor- 
mance within the specified drive cycle without this series-parallel 
switching provision, the relay an its associated power transistors were 
removed. This does restrict the accelerating capability at low speed, 
even though the sytem performance is within specifications. For this 
reason, the low-level electronics still retains this switching capability to 
permit the addition of the relay, if desired. 


4.4.5 PROTECTIVE CIRCUITS 

In Section 4.4.1, the provision for alarm signals to deactivate the 
PROM and turn off the inverter transistors was mentioned. There are 
three such alarm signals incorporated into the system: 

1. The fourth output of either PROM will go negative if that PROM 
receives an illegal input from the rotor position sensor. 

2. Failure of a current sensor will cause the alarm buss to go ne- 
gative. 

3. Excessive inductor current will cause the alarm buss to go ne- 
gative. 

The first of these alarm functions was discussed in Section 4.4.1. 
The last two functions are accomplished primarily in comparator chip 
U6. 
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Elements U6A and U6B are used to detect the failure of a current 
sensor. Since the two sensors are used in opposite senses (that is, 
one goes more positive and one more negative for increasing current), 
the sum of the two outputs should remain near zero. This sum is 
formed in U2B and applied to comparators U6A and U6B in opposite 
senses. Thus, an excessive discrepancy of either polarity between the 
two sensor outputs will generate an alarm signal. 

Comparator elements U6C an U6D art used to detect an excessive 
current of either polarity through the ductor and to generate an 
alarm signal by drawing down the output buss. 

It should be noted that when the output of flip-flop U9B is in the 
alarm state (pin 9 low), this signal is fed to the NAND gate U7A as 
well as to the PROM. In this way, the chopoer transistor, as well as 
the inverter transistors, is turned off during any alarm condition. 

Any time an alarm triggers U9B, there is a visual indication of this 
in the LED connected to the output of the flip-flop. 
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5.0 PERFORMANCE OF MACHINE-POV^R CONDITIONER 

SYS EMS 


In this chapter, the results of testing of the samarium cobalt and 
strontium ferrite based machines, whose designs were described in 
Chapter (3.0), when both machines are operated by the power condi- 
tioner detailed earlier : n Chapter (4.0), are detailed for both the mo- 
toring and regeneration modes. 

First the test setups used in obtaining all the experimental data are 
detailed in Section (5.1). The raw data resulting from the testing pro- 
cess is given in Section (5.2), while the methods of power loss and ef- 
ficiency calculations are given in Section (5.3). In Section (5.4), some 
resulting data corrections are introduced, in addition to MPC system 
loss interpolation formulas. Finally, in Section (5.6) the MPC systems' 
losses and efficiencies under the standard SAE J227-a Schedule D drive 
cycle are obtained. 


5.1 TEST SETUPS OF MPC SYSTEMS 
Setup (1) 

The bulk of the performance test data were obtained during MPC 
system tests „hich were conducted using a test setup (1) depicted 
schemtically in Figure (5.1-1). In this test setup, the MPC system un- 
dergoing testing is connectd to (energized from) a dc supply which 
consists of a motor-generator (MG) set filtered with a shunt capacitance 
of about 0.1 Farad to simulate a battery. Proper current, voltage, and 
power instrumentation at the conditioner dc input side, and at the ma- 
chine (armature) ac input terminals is indicated in Figure (5.1-1). 

The machine is connected through a torque transducer and a pulley- 
belt system to the dynamometer. Proper torque and sr :ed instrumenta- 
tion are shown in the schematic of Figure (5.1-1). Piwper instrumenta- 
tion for machine and conditioner temperatures was achieved by 
thermocouples. The instrumentation for a number of these variables 
was connected to a data acquisition (DA) system as indicated schemati- 
cally in Figure (5.1-1), and detailed for the 16 channels of the DA 
system in Table (5.1-1) 

It must be emphasized that this setup (1) permits the flow of power 
from the dc supply, through the MPC system, to the dynamometer and 
vice versa, as indicated by the arrows of power flow in Figure (5.1-1). 
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TABLE 

(5.1-1). IDENTIFICATION OF FUNCTIONS 

i 

1 

! 

l 



OF DATA LOGGER CHANNELS. 

I 

f 

-H 

1 

i 

• * 

CHANNEL 

FUNCTION 


1 

(Ambient) Room Temperature °C, 0^ 

1 

i 

I 


2 

End bell (front) °C, 02 

1 


3 

End bell (rear) (RPS Housing) °C, 0^ 

| 


4 

Motor housing (center) °C, 0^ 

I 


5 

Motor core (center of stack) °C, 0^ 

1 


6 

Motor core (end of sack) °C, 0g 

1 


7 

Motor end turns °C, 0y 

1 


8 

Inverter Transistor Case °C, 0g 

i 

l 


9 

Chopper Transistor Case °C, 0g 

1 

i 


10 

Inverter diode sink °C, 0 ^q 

1 

% * 

11 

Chopper diode case °C, 0^ 

i 

** 

12 

Air intake to PCU °C, 0^ 

1 


13 

Air exhaust from PCU °C, 0^ 

| 

t 

14 

Average input dc current (before capactor-bank) 

1 

/ 

* 


amperes, 1 

1 

15 

Average input dc voltage (parallel to 

1 



capacitor-bank) volts, V 

1 

: 

16 

Motor torque ft. lb (Feet-pound) , T 

1 

1 

i 



5 * 
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TABLE (5.1-2) 

IDENTIFICATION OF INSTRUMENTATION IN TEST 
SETUP (1) - SEE FIGURE (5.1-1). 

INSTRUMENT 

FUNCTION 

IDENTIFICATION AND TYPE 

V 1 

Voltmeter 

Monitor Labs, Inc., Data Logger, 

Model 9300, S/N 96 
(Voltmeter for Comparison: Fluke, 
Digital Multimeter, Model 8012A, 
S/N 2190862) 

A 1 

Ammeter 

Monitor Labs, Inc., Data Logger, 

Model 9300, S/N 96 with a 
200A/100mV Shunt, 

G.E. Number 50-140034RLAA 

W 1 

Wattmeter 

Clarke Hess, Digital V-A-W meter. 

Model 255, S/N 440, with T and M 
Research Products, Inc., Coaxial 
Shunt, Model K 20,000-40, S/N 7914 

w 2 

Wattmeter 

Clarke Hess, Digital V-A-W meter. 

Model 255, S/N 240, with T and M 
Research Products, Inc., Coaxial 
Shunt, Model K 20,000-40, S/N 6011 

T 1 

Torque 
T ransducer 

Torque Sensor- Lebow Associates, 

Inc. -Model 1604-2k, S/N 406, with 
Transducer Indicator- Lebow 
Associates, Inc. -Model 7535, 

S/N 428 (Also recorded by 
Data Logger identified above) 

N 1 

Tachometer 

General Radio Strobotac, Model 

1531 -AB, Inland Instrument 
Number E13 


Temperatures 

Type J Thermocouple Wire With 
Data Logger identified above - 
Thirteen Temperatures Throughout 
MPC system. See Table (5.1-1) 


\ A *Vi :.'A IVM.'s 




I 
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FIGURE (5.1-3) Setup (1) When Testing the 
Strontium Ferrite Machine 
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Thus, setup (1) provides the capabilities necessary for testing the MPC 
systems in the motoring as well as the regenerating modes of operation. 
Proper identification of the various instruments used in Setup (1) is 
given in Table (5.1-2). Photographs of the Setup (1) while conducting 
tests on the MPC systems are shown in Figures (5.1-2) and (5.1-3). 
Setup (2) 

Due to production scheduling constraints at the manufacturers' 
premises, a limited number of motoring test runs on both MPC systems 
had to be carried out using setup (2), which is shown schematically in 
Figure (5.1-4). In this test setup, the MPC system undergoing testing 
is connected to (energized from) a static converter dc supply. Proper 
current, voltage, and power instrumentation at the conditioner dc input 
side, and at the machine (armature) ac input terminals is indicated in 
this figure. The machine undergoing testing is solidly coupled to the 
Phase (I) machine, which in turn functions as an alternator (generator) 
the ouput of which is dissipated in adjustable load racks (adjustable re- 
sistance load), with proper output instrumentation. Proper instrumen- 
tation for machine and conditioner temperatures was through thermocou- 
ples. 

It must be emphasized that this Setup (2) permits the flow of power 
from the dc supply, through the MPC sytem, to the Phase (I) machine 
which is acting as an alternator, in one direction as indicated by the 
arrow of power flow in Figure (5.1-4). Thus Setup (2) provides for 
testing the MPC systems in the motoring mode of operation only. Prop- 
er identification of the various instruments used in Setup (2) is given 
in Table (5.1-3). Photographs of this test setup are shown in Figure 
(5.1-5) and (5.1-6). 

The results of testing the samarium cobalt and strontium ferrite 
based machines to determine their various performance characteristics, 
when operating in conjunction with the power conditioner detailed in 
Chapter (4.0), are given in the next secion. The bulk of the testing 
runs for both machines were performed using the testing Setup (1), 
Figure (5.1-1), while the remaining runs were performed using the 
testing Setup (1), Figure (5.1-4). 
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TABLE (5.1-3) 

IDENTIFICATION OF INSTRUMENTATION IN TEST 
SETUP (2) - SEE FIGURE (5.1-2) 

INSTRUMENT 

FUNCTION 

IDENTIFICATION AND TYPE 

v i 

Voltmeter 

Fluke, Digital Multimeter, Model 
8021 A, S/N 2190765 

A 1 

Ammeter 

Fluke, Digital Multimeter, Model 

8050A, S/N 2856340, with T and M 
Research Products, Inc., Coaxial 
Shunt, Model K20,000-40, S/N 6011 

W 2 

Wattmeter 

Clarke Hess, Digital V-A-W meter. 

Model 255, S/N 440, with T and M 
Research Products, Inc., Coaxial 
Shunt, Model K20,000-40, S/N 7914 

N 1 

Tachometer 

Shimpo Ind. Co., Ltd., Digitacho 
DT-103B, S/N 770430 

A 2 & A 3 

Ammeters 

Weston, AC Ammetrs, Model 433, 

S/N 182976 and S/N 183051, with 
Electrical Instrument Service Inc., 
Current Transformers, Model TR-2A 
S/N ES9089 and S/N ES9090, 
respectively. 

W 3 

Wattmeter 

Sensitive Research, Polyphase 

Wattmeter, Model PDLW, S/N 
ES10728, With the above mentioned 
Current Transformers. 
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FIGURE (5.2-4) Motor-Power Conditioner Test Setup (2) 














FIGURE (5.1-5) Setup (2) When Testing 
Samarium Cobalt Machine 





FIGURE (5.1-6) Setup (2) When Testing 
Strontium Ferrite Machine 
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5.2 TtST RESULTS OF MPC SYSTEMS 


THE SAMARIUM COBALT BASED MACHINE 


The samarium cobalt based machine, the design of which is detailed 
in Chapter (3.0), was built and tested while in operation in conjuction 
with the power conditioner, whose design was detailed in Chapter 
(4.0), under various load conditions. This included a two hour run at a 
rated load of 15 hp (11.2 kw) motor output, followed immediately by a 
one minute run at a peak load of 35 hp (26.1 kw) motor output. For 
the purpose of identification of the various load runs, the run numbers 
are plotted in Figure (5.2-1), with coordinates designated by the in- 
ductor current (which is approximately proportional to the developed 
torque) versus the machine speed, that is, the points are plotted in the 
Ampere-RPM plane. This data was recorded when the machine was op- 
erated with parallel connected armature paths. 

The dc inductor current is not to be confused with the dc line cur- 
rent which is delivered from the source to the MPC system during mo- 
toring, and delivered from the MPC system to the source during regen- 
eration. Notice that without chopping, the dc inductor current is 
approximately equal to the dc line current, whereas during chopping 
the inductor current is considerably greater than the dc line current. 

Each run is identified in this current - speed plane of Figure 
(5.2-1) by a run identification number. These identification numbers 
do not follow any pattern in this diagram, but are rather based on the 
sequence in which these runs were performed. These numbers have 
been preserved in their original form in order to make it easier to re- 
late to the raw data in these investigators’ files. Thus, as far as the 
reader is concerned, the run identification numbers are of no conse- 
quence, except for book keeping purposes. Notice, in the current- 
speed plane. Figure (5.2-1), only one run, namely run 98, required 
advanced commutation by 30° in the inverter bridge. This run, which 
is the peak load run of 35 hp (26.1 kw) motor output is designated by 
a cross ( + ) rather than the usual dots for normal runs with no ad- 
vanced commutation (firing). It should be pointed out that run 64 is 
that in which the MPC system was loaded for two continuous hours at 
its rated output of 15 hp (11.2 kw). 


The results of the various runs (for the motoring mode) in the in- 
ductor current-speed plane of Figure (5.2-1) are given in Table 
(5.2-1), except for the two hour rated hp run number 64, which is 
given separately in Tables (5.2-2) and (5.2-3). Table (5.2-2) contains 
the various MPC system current, voltage, input and output power, tor- 
que, as well as speed values taken at increments of 5 minutes through- 
out the test period of 125 minutes, while Table (5.2-3) contains the 
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INDUCTOR CURRENT 
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Test Runs for 

Samarium Cobalt Machine/Parallel Connection 




300 


200 . 


1004 


10 m 


2 00 


300j 



156 

157 

158 



• 

• 

• 



153 

154 

155 

68 


• 

• 

• 

• 


149 

150 

151 

152 

67 

• 

• 

• 

• 

7 r « 64 

148 

• 

78 

73 

70 

•66 


• 

• 

• 


7 4 

74 

72 

69 


• 

• 

• 





5,000 



94 

90 

86 

82 

78 

• 

• 

• 

• 

• 

9 i 

9 i 

87 

• 

83 

• 

79 

• 

9 4 

92 

• 

88 

• 

84 

• 

80 

• 

106 

104 

100 

102 

108 

• 

• 

• 

• 

• 

107 

105 

101 

103 

109 

• 

• 

• 

• 

• 


+ Advanced Commutation (Firing) by 30°e 


• Normal Commutation 


• 65 


10,000 


RPM 


FIGURE (5.2'1) Inductor Current (Torque) - Speed 
Plane for the Samarium Cobalt Machine With 
Parallel Connected Armature Paths. 
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thirteen temperatures previously defined in Table (5.1-1), recorded at 
increments of 5 minutes, also throughout the 125 minutes run 64. 

In Tables (5.2-1) and (5.2-2), the following symbols designated the 
various currents, voltages, input and output powers, torque, as well as 
speed in the MPC system under consideration: 

I = dc line current (not to be confused with inductor current) 
of MPC system in Ampres (A), 

V = dc supply voltage into MPC system in Volts (V), 

Pj n = total power input into MPC system including 200 Watts con- 
sumed by the low level control electronics, in Watts (W), 

T = shaft output torque of motor in Newton Meters (NM), 

N = the motor shaft speed in RPM, 


and 


P Qu t = total shaft output power from the MPC system in Watts 
(W). 

Notice that in Tables (5.2-1) and (5.2-2) there is an entry for each 
data set which indicates whether such data was obtained using the test 
Setup (1) of Figure (5.1-1), or such data was obtained using the rest 
Setup (2) of Figure (5.1-4). 

Furthermore, the ambient temperature, 8j, the motor core (center 
stack) temperature, 8^, the motor end turn temperature, 8^, the in- 
verter transistor case temperature, 8g, and the chopper transistor case 
temperature, 8g,are plotted over the 125 minutes duration of the rated 

15 hp run number 64, in Figure (5.2-2), when the power conditioner 
was tested in conjunction with the samarium cobalt based machine. 

The results of the various runs for the regeneration mode in the 
current-speed plane of Figure (5.2-1) are given for this samarium co- 
balt based machine in Table (5.2*4). This table contains the various 
MPC system, current, voltage, input and output power, torque as well 
as speed values. Also, one must notice that in this table, P. repre- 
sents a mechanical input which is used to drive the samarium cobalt ma- 
chine as a generator feeding a six legged converter (full wave rectifier 
bridge) that is equal to the torque times the speed. Meanwhile, P Qu ^ 

represents the gross electric power returned to the battery from the 
MPC system minus 200 Watts consumed in the low level control electron- 
ics. These runs were performed exclusively using test Setup (1), Fig- 
ure (5.1-1), where power flow reversal was possible. 
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TABLE (5.2*1) TEST DATA OF MOTORING RUNS FOR THE 
SAMARIUM COBALT BASED MACHINE WHEN ARMATURE PATHS 
WERE CONNECTED IN PARALLEL 
i *When Test Setup (2) Was Used, These Variables Were 
Obtained Indirectly by Calculations from Measured 
Quantities 

i 


RUN 

TEST 

N, 

1 , 

T, 

V, 

P , 

m 

P out' 

No. 

Setup 

RPM 

Amps 

NM 

Volts 

Watts 

Watts 

65 

1 

9830 

38.14 

4.07 

115.86 

5618.9 

4189.6 

66 

1 

8960 

83.98 

6.75 

116.23 

9961.0 

6333.4 

67 

1 

8230 

127.74 

15.25 

115.78 

14989.7 

13143.1 

68 

i 

7200 

197.10 

25.08 

115.90 

13043.9 

18909.9 

69 

i 

7140 

9.72 

1.69 

115.97 

1327.2 

1263.6 

70 

i 

7180 

43.00 

5.76 

115.85 

5181.5 

4330.9 

71 

i 

8000 

119.04 

14.57 

116.01 

14009.8 

12206.1 

72 

i 

5400 

7.46 

1.35 

115.28 

1060.0 

763.4 

73 

i 

540'’' 

33.36 

5.76 

114.57 

4022.0 

3258.5 

74 

i 

3600 

5.24 

2.03 

115.98 

807.7 

765.3 

73 

i 

3600 

22.84 

8.10 

116.13 

2852.4 

2299.6 

76 

i 

1790 

3.24 

2.03 

115.90 

575.5 

380.5 

98 

i 

6900 

290.08 

36.27 

116.93 

34119.0 

26207.5 

148 

2 

1865 

14.10 

6.42* 

116.20 

1838.4 

1254.5* 

149 

2 

1814 

29.6 

13.37* 

115.70 

3624.7 

2539.8* 

150 

2 

3600 

63.1 

15.34* 

115.70 

750.7 

5784.6* 

151 

2 

5400 

85.6 

15.26* 

117.00 

10215.2 

8631.1* 

152 

2 

7165 

98.4 

13.15* 

115.4 

11555.4 

9864.8* 

153 

2 

1812 

58.9 

23.90* 

115.3 

6991.2 

4536.1* 

154 

2 

3758 

106.50 

25.13* 

117.70 

12735.0 

9962.9* 

155 

2 

5620 

148.90 

24.80 

118. CO 

17804.2 

1453.9* 

156 

2 

1935 

86.80 

31.10 

115.20 

10199.4 

6301.9* 

157 

2 

3700 

152.00 

32.39* 

117.00 

17984.0 

12548.4* 

158 

2 

5428 

222.90 

32.60 

117.60 

26413.0 

18330.0* 

159 

2 

3720 

221.30 

38.05* 

117.00 

26092.1 

14824.1* 
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i 

I TABLE (5.2-2) TEST DATA OF THE 15 hp RATED OUTPUT 125 
I MINUTES RUN NO. 64 FOR THE SAMARIUM COBALT BASED 
I MACHINE WHEN ARMATURE PATHS WERE CONNECTED IN 
I PARALLEL-TEST SETUP (1) WAS USED, 

| DATA TAKEN EVERY 5 MINUTES 

r — 


i 



I TIME 
Min. 

N, 

RPM 

1, 

AMPS 

T, 

NM 

V, 

Volts 

P in 

Watts 

p 

out 

Watts 


1 o 

8560 

110.86 

12.88 

115.32 

12984.4 

11545.9 

: / 

1 5 

8510 

110.14 

12.54 

115.50 

12921.2 

11176.4 

1 10 

8550 

109.60 

12.54 

115.43 

12851.1 

11228.9 


1 15 

8580 

109.82 

12.54 

115.39 

12872.1 

11267.1 

, 

1 20 

8600 

109.38 

12.54 

115.66 

12850.9 

11293.4 


i 25 

8570 

110.46 

12.54 

115.46 

12953.7 

11254.0 


1 30 

8660 

110.00 

12.20 

115.84 

12932.3 

11066.0 


; 35 

8620 

109.72 

12.54 

115.48 

12870.5 

11219.7 


: 40 

8680 

109.38 

12.54 

115.89 

12876.0 

11398.4 

*y t 

45 

8700 

109.46 

12.20 

116.05 

12902.8 

11114.9 


! 50 

8680 

110.16 

12.20 

115.99 

12977.4 

11089.4 

* 

55 

8660 

110.12 

12.20 

115.89 

12961.8 

11063.8 

sr 

! 60 

8640 

110.64 

12.54 

115.81 

13013.2 

11345.9 

*•■**■, 

i 65 

8660 

109.98 

12.20 

115.88 

12944.5 

11063.8 

IN 

> 

i 70 

8660 

110.28 

12.20 

115.87 

12978.1 

11063.8 

‘ 

! 75 

8660 

110.64 

12.20 

115.87 

13019.9 

11063.8 

i 

! 80 

8660 

110.56 

12.20 

115.83 

13017.2 

11063.8 


| 85 

8630 

111.42 

12.54 

115.88 

13111.3 

11332.8 

t ? 

! 90 

8650 

111.64 

12.20 

116.03 

13153.6 

11051.1 

V 

95 

8650 

111.88 

12.54 

116,18 

13198.2 

11359.0 


i 100 

8660 

111.80 

12.54 

115.94 

13162.1 

11372.2 


! 105 

8660 

110.74 

12.20 

115.39 

13135.2 

11063.8 

. 

I no 

8660 

111.40 

12.54 

116.03 

13049.2 

11063.8 

^ , 

1 115 

8660 

111.40 

12.20 

116.00 

13085.6 

11063.8 


120 

8660 

111.14 

12.20 

115.94 

13985.5 

11063.8 

V 

i 125 

1 

L 

8660 

111.14 

12.20 

116.10 

13135.9 

11063 8 
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l 

i TABLE (5.2-3) TEMPERATURE TEST DATA OF THE MPC SYSTEM 
! (SAMARIUM COBALT BASED MACHINE) FOR THE 15 hp RATED : 
! OUTPUT 125 MINUTES RUN NO. 64 AS INDICATED BY 

I THEROMOCOUPLES DEFINED IN TABLE (5.1-1)-TEST SETUP (1) 
j WAS USED. DATA TAKEN EVERY 5 MINUTES 


Time, 

Min. 

V 

°C 

®2' 

°C 

0 3 

°C 

°4 

°C 

e 5 

°C 

0 6 

°C 

0 

24.2 

29.2 

29.1 

37.7 

40.4 

41.6 

5 

24.5 

36.2 

33.2 

49.8 

57.3 

5P.7 

10 

24.6 

42.7 

38.0 

60.2 

71.7 

72.8 

15 

24.6 

48.6 

42.8 

68.7 

83.6 

84.4 

20 

24.7 

53.9 

46.5 

75.9 

93.5 

94.1 

25 

25.2 

58.6 

50.8 

82.2 

102.0 

102.6 

30 

25.1 

62.7 

54.3 

87.7 

109.3 

109.8 

35 

25.4 

66.2 

57.4 

92.3 

115.4 

115.7 

40 

25.4 

69.2 

59.5 

96.0 

120.6 

120.8 

45 

25.6 

72.0 

62.5 

99.7 

125.0 

125.2 

50 

25.9 

74.1 

64.2 

102.3 

129.0 

129.0 

55 

25.9 

76.1 

66.1 

104.8 

132.4 

132.3 

60 

26.1 

78.0 

67.6 

106.7 

135.3 

135.2 

65 

26.0 

79.5 

68.7 

108.8 

137.9 

137.7 

70 

26.2 

80.7 

69.8 

111.0 

140.1 

139.8 

75 

26.2 

82.0 

71.2 

112.3 

141.9 

141 .7 

80 

26.2 

83.1 

72.1 

113.6 

143.6 

143.3 

85 

26.4 

84.0 

73.0 

114.8 

145.2 

144.8 

90 

26.6 

85.0 

73.1 

115.6 

146.7 

146.3 

95 

26.6 

85.8 

73.8 

116.6 

147.9 

147.6 

100 

26.8 

86.5 

74.5 

117.3 

149.2 

148.8 

105 

26.6 

87.1 

74.7 

118.3 

150.2 

149.8 

110 

27.0 

87.7 

74.8 

119.3 

151.2 

150.6 

115 

26.8 

88.4 

75.5 

119.7 

151.7 

151.2 

120 

26.9 

88.6 

76.1 

119.8 

152.3 

151.8 

125 

27.2 

89.1 

76.0 

120.3 

153.0 

152.5 
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TABLE 

(5.2-3) 

Continued 



-f 

Time, 
1 Min. 

O CD 

0 8' 

°C 

0 9' 

°C 

9 10' 

°C 

O CD 

o — 

0 12' 

°C 

0 13 

°C 


0 

41.6 

28.3 

32.8 

27.3 

27.4 

25.6 

27.3 


| 5 

59.3 

29.3 

36.2 

29.1 

29.1 

25.8 

28.3 


i 10 

73.7 

29.8 

37.5 

30.5 

30.1 

26.0 

28.9 

‘ 

15 

85.5 

30.1 

38.2 

31.5 

31.0 

25.7 

29.4 


20 

95.4 

30.3 

38.7 

32.2 

31.6 

26.2 

29.8 


! 25 

103.8 

30.7 

39.1 

32.7 

31.9 

26.5 

30.1 

t / 

! 30 

111.1 

31.1 

39.3 

33.0 

32.2 

26.8 

30.3 

j* 

! 35 

117.2 

31.2 

39.5 

33.2 

32.6 

27.0 

30.6 


! 40 

122.3 

31.6 

39.8 

33.6 

32.8 

27.1 

31.1 


! 45 

126.7 

32.0 

40.3 

34.0 

33.2 

27.6 

31.3 


; so 

130.5 

32.2 

40.4 

34.2 

33.6 

28.0 

31.7 

u A 

55 

133.8 

32.3 

40.7 

34.6 

33.9 

27.8 

31.8 


60 

136.8 

32.7 

41.0 

34.9 

34.2 

28.1 

32.1 

t* 

65 

139.3 

32.8 

41.3 

35.1 

34.3 

28.2 

32.3 


70 

141.4 

32.9 

41.4 

35.3 

34.7 

28.8 

32.6 

«C' 

! 75 

143.3 

33.2 

41.6 

35.6 

34.8 

28.0 

32.7 

'i- 

80 

145.0 

33.5 

41.6 

35.7 

35.0 

28.3 

32.8 

if\ - 

85 

146.6 

33.5 

41.9 

36.0 

35.2 

29.0 

33.2 

JTv , 

90 

148.0 

33.5 

42.0 

36.2 

35.4 

29.0 

33.2 

f 
* „ 

95 

149.3 

33.5 

42.2 

36.2 

35.5 

28.7 

33.2 

foiT 

j 100 

150.5 

33.7 

42.3 

36.4 

35.6 

28.9 

33.5 


■ 105 

151.6 

33.7 

42.3 

36.5 

35.6 

28.8 

33.5 

v i 1 * ■ 

j 110 

152.3 

33.9 

42.5 

36.6 

36.0 

29.4 

33.8 

k 

115 

153.0 

33.8 

42.5 

36.6 

36.0 

29.0 

33.8 

120 

153.6 

33.8 

42.5 

36.8 

36.1 

29.0 

33.8 

l\ *L* 

125 

i 

154.2 

34.0 

42.7 

36.9 

36.2 

29.1 

34.0 


. < _ 



'Jsf: 
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5.2.2 THE STRONTIUM FERRITE BASED MACHINE 

The strontium ferrite based machine, the design of which is also 
detailed in Chapter (3.0), was built and tested while in operation in 
conjunction with the power conditioner developed in the course of this 
investigation, see Chapter (4.0). Testing was carried out under vari- 
ous load conditions. This included a two hour run at rated load of 15 
hp (11.2 kw) motor output, followed immediately by a one minute run at 
a peak load of 35 hp (26.1 kw) motor output. The dc chopper inductor 
current, and the speed recorded for each of these test runs, as well as 
those corresponding inductor currents and speeds for all other perti- 
nent load runs are plotted in the chopper inductor current (Am- 
peres)-speed (RPM) plane of Figure (5.2-3). This data was recorded 
when the machine was operated with parallel connected armature paths. 
Again, the dc inductor current is not to be confused with the dc line 
current which is delivered from the source to the MPC system during 
motoring, and delivered from the MPC system to the source during re- 
generation. Again, notice that without chopping the dc inductor cur- 
rent is approximately equal to the dc line current, whereas during 
chopping the inductor current is considerably greater than the dc line 
current. 

Notice, in the current-speed plane of Figure (5.2-3) runs 138 and 
140 required advanced commutation by 30°E in the with inverter bridge. 
Run 138, which is the peak load run of 35 hp (26.1 kw) motor output 
is again designated by a cross (*) rather than the usual dots for nor- 
mal runs with no advanced commutation (firing). It should be pointed 
out that run 3 is that in which the MPC system was loaded for two con- 
tinuous hours at its rated output of 15 hp (11.2 kw). The current and 
speed data for run 3 is almost identical to run 6. 

The results of the various runs for the motoring mode i the induc- 
tor current-speed plane of Figure (5.2-3) are given in T,. le (5.2-5), 
except for the two hour rated power run number 3, which i.> given se- 
parately in Tables (5.2-6) and (5.2-7). Table (5.2-6) contains the 
various MPC system current, voltage, input and output power, torque 
as well as speed values taken at increments of 5 minutes throughout the 
test period of 145 minutes, except for a ten minute interruption between 
the 65 min. and the 75 min. points. This interruption, which was not 
due to any MPC system failure but due to reasons external to the MPC 
system, was compensated for by extending the test duration to 145 min. 
in lieu of the required 120 min. test duration. Table (5.2-7) contains 
the thirteen temperatures previously defined in Table (5.1-1), recorded 
at increments of 5 minutes throughout the 145 minutes run number 3, 
except for the 10 minute interruption period. The symbolism in the ta- 
bles is identical to that used and previously explained in the samarium 
cobalt case given above. 

Furthermore, the temperatures, 8^, 0^, 8^, 0g, and 0g, which were 

defined earlier in this section, are plotted over the 145 minutes dura- 
tion of the rated 15 hp run number 3, in Figure (5.2-4), when the 
power conditioner was tested in conjunction with the strontium ferrite 
based machine. 
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I TABLE (5.2-4) TEST DATA OF REGENERATION RUNS FOR THE 
! SAMARIUM COBALT BASED MACHINE WHEN ARMATURE PATHS 
I WERE CONNECTED IN PARALLEL 

I 

| ** For these runs no net power can be returned to battery, 

I speed and torque are too low. 


I 


! RUN 
i NO. 

i - 

TEST N, 
SETUP RPM 

1 , 

AMPS 

T, 

NM 

V, 

VOLTS 

P in' 

WATTS 

P out' 

watts ; 

i 77 

1 

8750 

8.12 

1.08 

116.35 

989.6 

744.8 

1 78 

1 

8750 

37.40 

5.15 

117.20 

4718.9 

4183.3 i 

i 79 

1 

8720 

63.22 

8.81 

117.78 

8044.9 

7246.0 ! 

| 80 

1 

8700 

86.04 

12.34 

118.15 

11242.5 

9965.6 ! 

81 

1 

7140 

6.30 

0.95 

116.24 

710.3 

532.3 

82 

1 

7.40 

29.54 

5.15 

116.91 

3850.6 

3253.5 

83 

1 

7120 

49.78 

8.81 

117.54 

6568.8 

5651 . 1 

84 

1 

7100 

66.98 

12.07 

117.81 

8974.2 

7690.9 

85 

1 

5360 

4.66 

1.08 

116.03 

606.2 

340.7 

86 

1 

5350 

21.58 

5.15 

116.68 

2885.3 

2318.0 

87 

1 

5350 

35.90 

8.68 

117.13 

4863.0 

4005.0 

88 

1 

5320 

47.66 

11.79 

117.41 

6568.3 

5395.8 

89 

1 

3590 

2.78 

1.08 

116.03 

406.0 

122.6 

90 

1 

3590 

14.00 

5.15 

116.47 

1936.1 

1430.6 

! 91 

1 

3580 

22.90 

8.68 

116.69 

3254.1 

2472.2 ; 

! 92 

1 

3560 

30.20 

11.79 

109.45 

4395.3 

3105.4 

| 93 

1 

1800 

1.30 

0.95 

116.00 

179.1 

* * 

i 94 

1 

1800 

6.22 

5.02 

116.19 

946.2 

522.7 i 

! 95 

1 

1790 

9.78 

8.68 

116.28 

1627.0 

937.2 1 

! 96 

1 

1800 

12.10 

11.52 

116.40 

2171.5 

1208.4 

! 100 

1 

5330 

56.20 

14.37 

94.84 

8020.7 

5130.0 

| 101 

1 

5400 

55.00 

16.54 

95.45 

9353.1 

5049.8 

I 102 

1 

7100 

77.98 

14.51 

115.97 

10788.3 

8843.3 

| 103 

1 

7100 

78.30 

15.59 

82.97 

11491.3 

6296.5 

| 104 

1 

3600 

34.10 

14.78 

106.79 

5571.9 

3441.5 

i 105 

1 

3600 

32.80 

15.32 

107.27 

5775.5 

3318.4 

106 

1 

1800 

12.60 

14.91 

115.94 

2810.5 

1260.8 

107 

1 

1800 

9.70 

15.45 

115.96 

2912.2 

924.8 

108 

1 

8600 

98.00 

14.64 

116.00 

13184.6 

11168.0 

109 

1 

8600 

98.68 

15.73 

115.94 

14166.3 

11241.0 
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FIGURE (5.2-3) Inductor Current (Torque) - Speed 
Plane for the Strontium Ferrite Machine with 
Parallel Connected Armature Paths. 
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TABLE (5.2-5) TEST DATA OF MOTORING RUNS FOR THE 
STRONTIUM FERRITE BASED MACHINE WHEN ARMATURE PATHS 
WERE CONNECTED IN PARALLEL 

*ln this case there appeared to be an error in the torque 
measurements which are rectified in the last two columns. 

RUN 

TEST 

N, 


1, 

T* 

V, 

NO. 

SETUP 

RPM 


AMPS 

NM 

Volts 

4 

1 

9440 


34.74 

4.07 

108.65 

5 

1 

8900 


61.76 

7.12 

107.93 

6 

1 

8500 


119.90 

14.57 

115.61 

7 

1 

6950 


178.74 

23.73 

115.85 

8 

1 

7110 


7.78 

1.69 

115.96 

9 

1 

7110 


40.48 

6.44 

115.29 

JO 

1 

7160 


104.16 

14.57 

114.15 

12 

1 

5450 


6.24 

2.03 

116.00 

13 

1 

5450 


36.96 

7.12 

114.83 

14 

1 

5470 


86.94 

15.25 

113.44 

15 

1 

5600 


168.72 

26.44 

111.32 

16 

1 

3580 


4.12 

2.03 

115.90 

17 

1 

3590 


25.22 

7.12 

115.93 

18 

1 

3760 


62.64 

12.54 

115.02 

19 

1 

3660 


108.14 

24.40 

116.02 

20 

1 

1700 


2.50 

2.03 

115.88 

21 

1 

1850 


15.10 

7.12 

115.88 

138 

1 

6750 


297.58 

37.69 

120.92 

139 

1 

5400 


222.26 

31.86 

114.30 

140 

1 

5400 


260.05 

38.37 

116.00 

141 

1 

3600 


176.04 

33.35 

116.10 

142 

1 

3600 


225.08 

37.42 

117.00 

143 

1 

1800 


87.22 

30.78 

116.20 

144 

1 

1800 


109.32 

34.44 

115.60 

145 

1 

1800 


36.17 

15.18 

115.70 

146 

1 

1800 


58.28 

24.00 

116.30 
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TABLE 

(5.2-5) 

Continued 

P in' 

P t' Corrected 

Corrected 

Watts 

Watts T 

, Watts 

P Watts 

out 

3974.5 

4023.4 

2.67 

2639.4 

6865.8 

6635.9 

5.72 

5331 . 1 

14061.6 

12969.0 

13.17 

11722.8 

20907.0 

17270.7 

22.33 

16251.8 

1102.2 

1258.3 

0.29 

215.9 

4866.9 

4795.0 

5.04 

3752.6 

12089.9 

10924.5 

13.17 

9874.8 

923.8 

1158.6 

0.63 

359.6 

4444.1 

4063.5 

5.72 

3264.5 

10062.5 

8735.5 

13.85 

7933.5 

18981.9 

15505.2 

25.04 

14684.2 

677.5 

761.0 

0.63 

236.2 

3123.7 

2676.7 

5.72 

2150.4 

7404.8 

4937.6 

11.14 

4386.3 

12746.4 

9351.9 

23.00 

8815.3 

489.7 

361.4 

0.63 

112.2 

1949.8 

1379.4 

5.72 

1108.1 

36183.4 

26641.5 

36.29 

25651.9 

25604.3 

18016.4 

30.46 

17224.7 

30365.8 

21697.7 

36.97 

20906.0 

20638.2 

12572.6 

31.95 

12044.9 

26534.4 

14107.0 

36.02 

13579.2 

10335.0 

5801.9 

29.38 

5538.0 

12837.4 

6491.8 

33.04 

6227.9 

4384.9 

2861.4 

13.78 

2597.5 

6978.0 

4523.9 

22.60 

4260.0 
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TABLE 

MINI 

MAC 

PA 

TIME, 

MIN. 

(5.2-6) TEST DATA OF THE 15 hp RATED OUTPUT 145 
JTE RUN NO. 3 FOR THE STRONTIUM FERRITE BASED 
;HINE WHEN ARMATURE PATHS WERE CONNECTED IN 
RALLEL - TEST SETUP (1) WAS USED, DATA TAKEN 
EVERY FIVE MINUTES 

♦Defective Data Point 

N, 

RPM 

1, 

AMPS 

T, 

NM 

V, 

VOLTS 

0 

8460 

114.56 

13.55 

114.98 

5 

8760 

107.24 

12.88 

115.63 

10 

8840 

107.32 

12.54 

115.62 

15 

8800 

108.08 

12.54 

114.67 

20 

8780 

108.86 

12.20 

113.48 

25 

8750 

109.64 

12.54 

112.56 

30 

8750 

110.16 

12.20 

111.52 

35 

8310 

110.32 

12.20 

111.59 

40 

8750 

11T.08 

12.20 

110.64 

45 

8800 

111.60 

12.20 

110.61 

50 

8720 

113.10 

12.20 

109.65 

55 

8800 

113.88 

12.20 

110.28 

60 

8800 

114.40 

12.54 

109.75 

65 

8780 

114.70 

12.20 

109.19 


TEN MINUTE INTERRUPTION OCCURED DUE TO EMERGENCY 
EXTERNAL TO MPC SYSTEM 


80 

8740 

113.24 

12.20 

108.98 

85 

8800 

114.34 

12.20 

109.02 

90 

8740 

115.44 

12.20 

108.34 

95* 

8800* 

82.20* 

8.81* 

98.12* 

100 

8800 

115.18 

12.20 

108.75 

105 

8780 

115.74 

12.20 

108.26 

110 

8850 

116.26 

12.20 

107.77 

115 

8870 

116.34 

12.20 

107.94 

120 

8880 

116.60 

12.20 

107.61 

125 

8900 

117.48 

12.20 

107.68 

130 

8900 

117.48 

12.20 

107.74 

135 

8900 

117.60 

12.20 

107.26 

140 

8910 

118.08 

12.20 

107.39 

145 

8910 

118.30 

12.20 

107.14 


1 
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TABLE (5.2-6) Continued 


P in' 

P t . Corrected 

Corrected 

Watts 

Watts 

T, Watts 

P ., Watts 
out 

13372.1 

12004.3 

12.15 

10764.0 

12600.2 

11815.6 

11.48 

10531.1 

12608.3 

11609.8 

11.14 

10312.5 

12593.5 

11556.0 

11.14 

10265.9 

12553.4 

11219.3 

10.80 

9930.0 

12541.1 

11490.4 

11.14 

10207.6 

12485.0 

11178.8 

10.80 

9896.0 

12510.6 

11255.5 

10.80 

9963.9 

12489.9 

11178.8 

10.80 

9896.0 

12544.1 

11242.7 

10.80 

9952.6 

12601.4 

11140.5 

10.80 

9862.1 

12758.7 

11242.7 

10.80 

9952.6 

12755.4 

11556.0 

11.14 

10265.9 

12714.1 

11178.8 

10.80 

9930.0 

TEN MINUTE INTERRUPTION OCCURED DUE TO EMERGENCY 


EXTERNAL TO MPC 

SYSTEM 

12540.9 

11166.1 

10.80 

9884.7 

12665.3 

1 1242. 7 

10.80 

9952.6 

12706.8 

11166.1 

10.80 

9884.7 

8265.5* 

8121.3* 

7.41 

6828.6 

12715.8 

11242.7 

10.80 

9952.6 

12730.0 

11217.2 

10.80 

9930.0 

12719.3 

11306.6 

10.80 

10009.1 

12757.7 

11332.1 

10.80 

10031.7 

12747.3 

11344.9 

10.80 

10043.0 

12805.0 

11244.9 

10.80 

10043.0 

12857.3 

11370.5 

10.80 

10065.7 

12813.8 

11370.5 

10.80 

10065.7 

12880.6 

11383.2 

10.80 

i 0077.0 

12874.7 

11383.2 

10.80 

10077.0 
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TABLE (5.2-7) TEMPERATURE TEST DATA OF THE MPC 
SYSTEM (STRONTIUM FERRITE BASED MACHINE) FOR 
THE 15 hp RATED OUTPUT 145 MINUTES RUN NO. 3 AS 
INDICATED BY THEROMOCOUPLES DEFINED IN 
TABLE (5.1-D-TEST SETUP (1) WAS USED, 

DATA TAKEN EVERY 5 MINUTES 


Time, 

V 

0 2' 

0 3' 

V 

0 5' 

0 6' 

Min. 

°c 

°C 

°C 

°c 

°C 

°C 

0 

24.2 

39.8 

40.8 

48.2 

53.5 

54.0 

5 

24.7 

41.8 

40.8 

56.6 

64.5 

64.5 

10 

24.7 

44.4 

41.7 

63.1 

72.1 

72.0 

15 

25.0 

47.5 

43.5 

68.2 

78.8 

78.8 

20 

25.2 

50.2 

45.8 

73.0 

84.7 

84.7 

25 

25.2 

52.8 

48.2 

76.3 

90.0 

89.9 

30 

25.3 

55.1 

50.2 

80.0 

94.7 

94.6 

35 

25.2 

57.1 

52.2 

83.0 

98.8 

98.8 

40 

25.4 

49.1 

54.2 

86.3 

102.6 

102.7 

45 

25.7 

60.8 

56.6 

88.5 

106.2 

106.3 

50 

25.8 

63.5 

58.7 

91.2 

109.5 

109.7 

55 

25.7 

64.1 

59.9 

93.3 

112.6 

113.0 

60 

25.7 

65.6 

61.2 

95.6 

115.7 

116.0 

65 

26.0 

67.0 

63.0 

97.3 

118.5 

118.8 

TEN 

MINUTES 

INTERRUPTION OCCURRED DUE 

TO EMERGENCY 



EXTERNAL TO MPC SYSTEM 


80 

26.3 

67.2 

64.4 

94.2 

113.6 

114.2 

85 

26.2 

67.7 

63.8 

97.0 

117.2 

117.6 

90 

26.4 

68.8 

64.3 

98.8 

120.2 

120.6 

95* 

26.3* 

70.0* 

65.3* 

98.2* 

118.6 

118.7* 

100 

26.5 

70.0 

65.3 

99.4 

121.2 

121.6 

105 

26.8 

70.7 

64.7 

101.5 

123.9 

121.6 

110 

27.0 

72.1 

66.1 

103.0 

126.4 

126.7 

115 

26.7 

72.8 

67.8 

104.7 

128.3 

128.8 

120 

26.9 

73.8 

67.7 

106.3 

130.2 

130.7 

125 

27.0 

74.8 

68.3 

107.2 

132.0 

132.4 

130 

27.1 

75.3 

69.6 

108.5 

133.6 

134.2 

135 

27.0 

76.3 

70.3 

109.7 

135.2 

135.7 

140 

27.1 

76.9 

71.3 

110.4 

136.7 

137.1 

1*'5 

27.2 

77.7 

71.4 

111.3 

138.0 

138.5 

* Problems with thermocouples 
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TABLE 

(5.2-7) 

Continued 


0 7' 

V 

V 

8 10' 

8 11 ' 

8 12' 8 

13' 

°C 

°C 

°C 

°C 

°C 

°C 

°C 

52.3 

28.2 

31.8 

28.5 

28.7 

34.4 

28.0 

61.7 

31.1 

38.2 

31.0 

30.9 

39.2 

29.8 

69.1 

30.8 

40.6 

33.2 

33.0 

37.4 

30.7 

75.8 

31.2 

42.2 

34.8 

34.5 

36.1 

31.1 

81.4 

31.5 

43.2 

36.3 

36.1 

34.5 

31.8 

86.4 

31.9 

43.9 

37.5 

37.2 

37.4 

32.2 

90.9 

32.1 

44.5 

38.3 

38.2 

38.6 

32.5 

94.9 

32.4 

44.9 

39.3 

39.2 

41.8 

33.4 

98.5 

32.5 

45.5 

40.0 

39.8 

39.7 

33.1 

101.8 

32.7 

45.6 

40.5 

40.3 

38.3 

33.0 

105.0 

32.9 

46.0 

40.9 

40.8 

36.0 

33.2 

108.0 

33.2 

46.3 

41.5 

41.5 

38.2 

33.6 

110.8 

33.5 

46.7 

42.2 

42.1 

39.1 

34.0 

113.4 

33.7 

47.2 

42.5 

42.5 

44.1 

34.3 

TEN 

MINUTES 

INTERRUPTION OCCURED DUE TO 
EXTERNAL TO MPC SYSTEM 

EMERGENCY 

108.9 

33.2 

44.7 

41.6 

41.6 

37.0 

33.4 

112.3 

33.7 

46,1 

42.0 

42.1 

39.5 

34.1 

115.2 

34.1 

47.1 

42.5 

42.5 

42.1 

34.5 

114.2* 

33.2* 

44.5* 

42.8* 

42.8* 

42.7* 

36.3* 

116.1 

34.1 

46.6 

43.0 

43.0 

40.8 

36.7 

118.8 

34.4 

47.6 

43.6 

43.3 

37.8* 

37.1 

121.1 

34.6 

46.0 

42.8 

41.6 

— 

37.0 

123.0 

34.5 

44.5* 

41.0 

39.7 

— 

35.2 

124.7 

34.6 

44.1 

39.7 

38.6 

— 

34.7 

126.4 

34.6 

43.9 

38 8 

37.9 

— 

34.2 

128.0 

34.8 

43.9 

38.4 

37.6 

— 

34.2 

129.5 

34.7 

44.1 

38.3 

37.5 

— 

34.2 

130.9 

34.8 

44.1 

38.2 

37.4 

— 

34.2 

132.2 

35.0 

44.2 

38.3 

37.4 

— 

34.2 


* Problems with thermocouples 



Similarity, the results of the various -eq.-i oration runs, performed 
usino ' *up (1), which are plotted in the cur.-r~,t-speed plane of Figure 
(5.2-. . are oiven for this strontium ferrte oased machine in Table 

(5.2ft) 


5.2.3 1 Hfc THERMAL CHARACTERISTICS 'i? THE MPC SYSTEMS 

Thermocouples were placed at Key locations throughout the 

MPC systems to monitor the temper* ««•<.-«. , 0-j through which were 

defined in Table (5.1-1). The ta^iPV.ion of these temperatures during 
the two hour rated load (15 hp) runs was given for the samarium cobalt 
and strontium ferrite based system in Tables (5.2-3) and (5.2-7) re- 
spectively. Five most important temperatures were selected and plotted 
versus time in Figures (5.2-2). and (5.2-4) for the above mentioned 
MPC system, respectively . Those temperatures were; the ambient, the 
stator mid core (center of stack), the stator end turns, the chopper 
transistor case, and the inverter transistor case. It must be noticed 
that the samarium cobalt based machine appeared to reach steady state 
temperatures quicker than the strontium ferrite machine. This is 
largely due to the lesser weight and smaller volume of the samarium co- 
balt unit in comparison with the strontium ferrite unit. The transistor 
case temperatures (chopper and inverter) appear to stabilize quickly in 
both cases. Notice that there was a 10 minute shutdown period in the 
strontium ferrite case, which was compensated for by the larger run- 
ning time as shown in Figure (5.2-4). 

No forced ventilation was used with the machines. However, forced 
ventilation by appropriately chosen fans, and air ducting was used for 
the power conditioner, as detailed earlier in Chapter (4.0). 


5.2.4 TYPICAL CURRENT AND VOLTAGE OSCILLOGRAMS 
THROUGHOUT THE MPC SYSTEMS OBTAINED USING TEST SETUP (2) 
TAKEN AT 7.5, 15, and 35 hp 

Various voltage and current wave forms at approximately 7.5 hp, 15 
hp, and 35 hp motor output were obained at about rated MPC system 
voltage, using test *,etup (2), Figure (5.1-4). A list of these oscillo- 
grams is given in Table (5.2-9) for the samarium cobalt based MPC 
system, with oscillograms shown in Figures (5.2-5) through (5.2-22). 
Meanwhile, a list of these oscillograms is given in Table (5.2-10) tor 
the strontium ferrite based MPC system, with oscillograms shown in 
Figures (5.2-23) through (5.2-40). 
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! TABLE (5.2-8) TEST DATA OF REGENERATION RUNS FOR 
THE STRONTIUM FERRITE BASED MACHINE WHEN ARMATURE 
I PATHS WERE CONNECTED IN PARALLEL 

I 

* For those runs an error in the torque transducer 
is corrected for in the last two columns. 

! 

** For these runs no net power can be returned to battery, 

; torque is too low. 


i 

RUN 

, NO. 

|_ ... 

TEST 

SETUP 

N, 

RPM 

1, 

AMPS 

T,* 

NM 

V, 

VOLTS 


F 

i 22 

1 

8820 

1.38 

0.00 

116.17 



23 

1 

8820 

37.34 

3.73 

117.23 



24 

1 

3780 

61.04 

6.44 

117. C 



25 

1 

8780 

81.20 

9.49 

118.17 


ft,*. 

26 

1 

7120 

6.54 

0.00 

116.49 

m 

v . 

! 27 

1 

7120 

28.86 

3.73 

117.07 



, 28 

1 

7100 

47.78 

6.44 

117 40 



29 

1 

7100 

64.92 

9.49 

117.90 


• «» 

30 

1 

5400 

4.56 

0.00 

116.30 

m 

\ 

31 

1 

5400 

19.90 

3.05 

116.67 



32 

1 

5400 

34.78 

6.10 

117.11 

m - 

** 

33 

1 

5360 

46.98 

9.49 

117.45 

- 


! 34 

1 

3610 

3.02 

0.00 

116.25 

- 


, 35 

1 

3610 

13.24 

3.05 

116.41 



36 

1 

3608 

22.72 

6.10 

116.76 



i 37 

1 

3606 

30.00 

9.49 

109.09 


'■? , 

38 

1 

1800 

1.36 

0 00 

116.08 


-t 1 

; 39 

1 

1800 

6.00 

3.39 

116.25 


< 

* /V i 

! 40 

1 

1803 

9.74 

6 44 

116.32 


* 

! 41 

1 

1804 

12.10 

9.49 

116.43 


• 

j : i 

1 42 

1 

5410 

48.24 

9.49 

117.31 

i 

i 

■ 

124 

1 

8430 

86.64 

13.56 

117.88 

r 

p* 

125 

1 

8450 

85.42 

14.37 

115.65 

* 

■ 

1 126 

1 

7180 

72.76 

12.88 

115.60 


%s 

127 

1 

7140 

69.40 

13.83 

115.00 


f - 1 

128 

1 

5400 

53.00 

13.56 

115.00 


*> ■ 

129 

1 

5400 

51.20 

14.64 

115.00 



i 130 

1 

3600 

32.10 

13.83 

115.00 

’♦ ft 

\\ 

131 

e 

1 

3620 

29.50 

14.51 

115.00 

. £ ' 


132 

1 

1810 

11.40 

13.56 

115.60 

& 

•i 

133 

1 

1810 

8.6 

14.91 

115.00 

! r&i 
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TABLE 

(5.2-8) Continued 


P in'* 

P out' 

Corrected 

Corrected 

Watts 

Watts 

T, NM 

P, n , Watts 

0.0 

** 

1.40 

1293.2 

3445.2 

4177.4 

5.13 

4738.2 

5921.2 

6978.3 

7.84 

7208.4 

8705.6 

9395.4 

10.89 

9989.9 

0.0 

561.8 

1.40 

1043.8 

2781 . 1 

3178.6 

5.13 

3814.9 

4788.2 

5409.4 

7.84 

5829.1 

7055.9 

7454.1 

10.89 

8096.8 

0.0 

330.3 

1.40 

791.7 

1724.7 

2121.7 

4.45 

2516.4 

3449.5 

3873.1 

7.50 

4241 . 1 

5326.7 

5317.8 

10.89 

6612.5 

0.0 

151.1 

1.40 

529.3 

1153.0 

1341.3 

4.45 

1682.3 

2304.8 

2452.8 

7.50 

2833.7 

3583.6 

3072.7 

10.89 

4112.3 

0.0 

** 

1.40 

263.9 

639.0 

497.5 

4.79 

902.9 

1215.9 

933.0 

7.84 

1480.3 

1792.8 

1208.8 

10.89 

2057.3 

5376.4 

5459.0 

10.89 

6169.6 

11970.6 

10013.1 

14.96 

13206.5 

8684.3 

8211.0 

14.28 

10737.0 

10340.7 

7781.0 

15.23 

11387.4 

7668.0 

5895.0 

14.96 

8459.7 

8278.7 

5688.0 

16.04 

9070.4 

5213.8 

3491.5 

15.23 

5741.6 

5500.5 

3192.5 

15.91 

6031.2 

2570.2 

1117.8 

14.96 

2835.6 

2826.1 

789.0 

16.31 

3091.4 


In these tables, the following is an explanation of the symbolism used: 



Lbj. 





fe- * 



fr! 







fc. 


Si 



I ^ is the motor phase current, 

I ^ ■* the chopper inductor (choke) current, 

VceOhv) is the inverter traansistor collector to emiter voltage, 
V^^(QM) is the chopper transistor collector to emitei voltage, 
is the phase to neutral voltage on the machine side, 

and 


is the line to line voltage on the machine side. 

These oscillograms are self explanatory, and should be examined 
carefully by the interested reader (referring to the appropriate key in 
either table (5.2-9) or Table (5.2-10). Notice that Figures (5.2-7), 
(5.2-13), (5.2-15), (5.2-21), (5.2-25), (5.2-31), and (5.2-39) 
represent a magnified view of the collector to emiter voltages during 
the various transistor switching transients. This is in order to 
show the voltage spikes which accompanied the switching process, after 
proper snubbing was applied. Details of the necessary snubber circuits 
were included earlier in Chapter (4.0). 

The reader is invited to observe the effect of advanced firing 
at 15 and 35 hp motor output on the various current and voltage 
waveforms. Also, attention is drawn to the effect of chopping on 
these current and voltage oscillograms at 7.5 hp motor output. All this 
is shown for both the samarium cobalt based and strontium ferrite based 
MPC systems. 

In the next section, methods of calculation of the various MPC system 
perfromance characteristics are detailed. Proper examples are given 
using the test data detailed in this section. 
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TABLE (5.2-9) OSCILLOGRAMS OBTAINED FROM THE SAMARIUM 
COBALT MACHINE SYSTEM 


I. Motoring, QM Fully on, 0° Advance, 115 V, 15.1 Hp (11.3 kw) 
at Load Rack 


* Ph 


20 mV/div 

(R , = 

shunt 

.5 ms/div 
,0002488ft) 

Figure (5.2-5) 

< 

n 

m 

(inv) 

20 V/div 

.5 ms/div 

Figure (5.2-6) 

V CE 

(inv) 

50 V/div 

5 ys/div 

Figure (5.2-7) 

V LL 


50 V/div 

.5 ms/div 

Figure (5.2-8) 

V LN 


50 V/div 

.5 ms/div 

Figure (5.2-9) 

II. 

Motoring, QM Fully on, 30° Advance, 105V, 15.8 
Hp at Load Rack 

'ph 


20 mV/div 

(R , = 

shunt 

.5 ms/div 
.0002488ft) 

Figure (5.2-10) 

III. 

Motoring, OM Chopping, 0° Advance, 115 V, 7.5 
at Load Rack 

'ph 


10 mV/div 
^shunt 

.5 ms/div 
,0002488ft) 

Figure (5.2-11) 

< 

n 

m 

(QM) 

20 V/div 

50 ys/div 

Figure (5.2-12) 

V CE 

(QM) 

20 V/div 

.5 ys/div 

Figure (5.2-13) 

V CE 

(inv) 

20 V/div 

.5 ys/div 

Figure (5.2-14) 

V CE 

(inv) 

20 V/div 

5 ys/div 

Figure (5.2-15) 

V LL 


50 V/div 

.5 ms/div 

Figure (5.2-16) 

V LN 


20 V/div 

.5 ms/div 

Figure (5.2-17) 
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TABLE (5.2-9) Continued 


IV. Motoring, QM Fully 

on, 30° 

Advance, 120 V, 35 

at 

Load Rack 



V LN 

50 V/div 

.5 ms/div 

Figure (5.2-18) 

V LL 

50 V/div 

5 ms/div 

Figure (5.2-19) 

V CE (inv) 

20 V/div 

.5 ms/div 

Figure (5.2-20) 

Vc^finv) 

50 V/div 

5 ys/ciiv 

Figure (5.2-21) 

ph 

50 mV/div 

5 ms/div 

Figure (5.2-22) 


(R shunt = 00024881 L|) 
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TABLE (5.2-10) OSCILOGRAMS OBTAINED FROM THE STRONTIUM 
FERRITE MACHINE SYSTEMS 


I. Motoring, OM Fully on, 0° Advance, 115 V, 14.2 Hp (10.6 kw) 
at Load Rack 


'ph 

20 mV/div 
^ ^shunt 

.5 ms/div 
.0002488(2) 

Figure (5.2-23) 

V CE (inv) 

20 V/div 

.5 ms/div 

Figure (5.2-24) 

VcE^nv) 

50 V/div 

.5 ys/c!iv 

Figure (5.2-25) 

V LL 

50 V/div 

.5 ms/div 

Figure (5.2-26) 

V LN 

50 V/div 

.5 ms/div 

Figure (5.2-27) 

II. Motoring, QM Fully on, 30° Advance, 105V, 15.8 
Hp at Load Rack 

'ph 

20 mV/div 

.5 ms/div 

Figure (5.2-28) 


(R shunt = 0 000M8M > 

III. Motoring, QM Chopping, 0° Advance, 115 V, 7.6 Hp (5.7 kw) 
at Load Rack 


'ph 

10 mV/div 
^shunt 

.5 ms/div 
.0002488(2) 

Figure (5.2-29) 

v ce (qm) 

20 V/div 

50 ys/div 

Figure (5.2-30) 

v ce (qm) 

50 V/div 

.5 ys/div 

Figure (5.2-31) 

v ce (mv) 

20 V/div 

.5 ms/div 

Figure (5.2-32) 

V LN 

20 V/div 

.5 ms/div 

Figure (5.2-33) 

V LL 

50 V/div 

.5 ms/div 

Figure (5.2-34) 

'ch 

.5 V/div .2 ms/div 

(37.8 mv/A) 

Figure (5.2-35) 
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TABLE (5.2-10) Continued 


' / 


IV. Motoring, QM 
at Load Rack 

Fully on, 30° 

Advance, 120 V, 33 

V LN 

50 V/div 

.5 ms/div 

Figure (5.2-36) 

V LL 

50 V/div 

.5 ms/div 

Figure (5.2-37) 

< 

o 

m 

5" 

< 

20 V/div 

.5 ms/div 

Figure (5.2-38) 

V CE^ inv ^ 

50 V/div 

5 ys/div 

Figure (5.2-39) 

‘ph 

50 mV/div 

.5 ms/div 

Figure (5.2-40) 


(R 


shunt 


.00024881 L|) 
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Fig. (5.2-5) 


Fig. (5.2-6) 
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Fig. (5.2-8) 
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Fig. (5.2-9) 
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Fig. (5.2-12) 
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Fig. (5.2-16) 
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Fig. (5.2-17) 
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Fig. (5.2-18) 
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Fig. (5.2-19) 
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Fig. (5.2-20) 
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Fig. (5.2-21) 


228 


wAS I A /t! 

felr** AM) WHITE PHOTOGRAPH 


W 











Fig. (5 2-23) 
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Fig. (5.2-25) 
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Fig. (5.2-26) 


m*- 

':v*r 
"V * 


fev. 


‘4 

ft 

(V ; 

fft 

£ 

W. ,4 

>; 

'a 

II 


* VYV* 

J >.v J V.v 



Fig. (5.2-27) 


Fig. (5.2-28) 
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Fig. (5.2-31) 
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5.3 METHODS OF CALCULATION OF MPC SYSTEMS 
PERFORMANCE CHARACTERISTICS 


One of the most important parameters, which determines how satis- 
factory the performance and design of a given MPC system are, is the 
system efficiency. In order to determine this efficiency, one requires 
knowledge of the total input power into the MPC system and the total 
output power from the system. The difference between the input power 
and the output power is the system losses which can be broken down 
into ohmic, rotational, switching, and stray loss components. However, 
the switching losses are related to the rotor position, and its speed. 
Hence, they can be associated with the rotational loss component. 

In this section, the method of determining the input and output 
powers for both test setups (1) and (2), Figures (5.1-1) and (5.1-4), 
will be outlined. Based on such input and output power data, the effi- 
ciencies will be calculated. It will then be shown that, due to an error 
in the torque measurements taken by means of a torque transducer, for 
the strontium ferrite based MPC system on a certain date, the corres- 
ponding efficiency values were found to be unrealistically high. Upon 
close examination of those torque readings, in conjunction with all the 
other data collected with it on that date (input power, speed, etc.), it 
was found that there exists a constant torque offset in all these read- 
ings. The determination of the magnitude of this offset is explained la- 
ter in this section. It must be pointed out that no correction was re- 
quired for the test data associated with the samarium cobalt based MPC 
system, the data of which were taken on other dates. 

After making the necessary offset correction in the torque values, 
the input power, output power, system losses, and efficiencies were re- 
calculated for the strontium ferrite based MPC system. On an inductor 
current-speed plane, curves of constant efficiency were plotted for both 
MPC systems, as will be given later on in this section. Finally, on the 
basis of the loss data obtained from the various test runs, generalized 
loss formulas for the calculation of losses and efficiencies of both MPC 
systems, for motoring and regenerating modes of operation, as functions 
of machine speed and torque, were developed. These equations were 
obtained using a least squares fit of the system loss data obtained by 
tests for both the samarium cobalt and strontium ferrite based ma- 
chines. 
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5.3.1 METHODS OF CALCULATION OF SYSTEM INPUT AND OUTPUT 
POWER FOR TEST SETUPS (1) AND (2) WITH EXAMPLES 

Setup (1): For test setup (1), in the motoring mode, the input power, 

Pj , was calculated as the product of the dc line voltage, V, read by 

voltmeter, Vj, Figure (5.1-1), times the dc line current, I, read by 

ammeter, A^ . That is 

P. = V • I ♦ 200 Watts. (5.3-1) 

in 

The 200 watts term represents the power consumed by the low level 
control electronics, which were supplied independently in this setup. 
However, in an actual vehicle situtation this power must be supplied by 
the battery. Justification of neglect of the effect of the voltage ripples 
in the dc line voltage on the input power, P- n , was based on observa- 
tion of this ripple magnitude on an oscilloscope screen, where it was 
found to be in the millivolt range and consequently insignificant. 

Upon examination of the test setup (1), Figure (5.1-1), it becomes 
obvious that the output power, P can be calculated as 

P Qut = T • N(2ir/60) Watts (5.3-2) 

where, T is the torque reading of the transducer, Tj, in Newton Me- 
ters, and N is the machine speed in RPM, measured by the tachometer, 
N.j. A pictorial display of the above is given in Figure (5.3-1). 

Example (1): Consider motoring run number 67 in Table (5.2-1) in 

which; V = 115.78 Volts, I = 127.74 Amperes, N = 8230 RPM, and T = 
15.25 NM. For this run we have, 

P = 115.78 x 127.74 ♦ 200.0 = 14989.7 Watts 
in 

P * = 15.25 x 8230 x 2ir/60 = 13143.1 Watts 
out 

Therefore, the overall motoring system efficiency, T i S y S ^ em ' a * th' s tor " 
que and speed is 

'"system * < P out /P in> * 

= (13143.1/14989.7) « 100 = 87.7%. 

For the regeneration mode 

the input power, Pj , is the mechanical power delivered by the dyna- 
mometer, and hence can be calculated as follows 

P. = T • N(2s/60) Watts. (5.3-3) 

in 
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ROTATIONAL LOSSES VERSUS SPEED 
SaMriun Cobalt Machine - Phase (I) 



the Permanent Magnet Alternator of Test Setup (1) 





All symbols are as previously defined. 

The output power, P is the net electrical power returned to the 
battery. That is 

P , = V • I - 200 Watts (5.3-4) 

out 

where the 200 Watts represent the power which must be supplied from 
the battery to the low level control electronics of the MPC system in an 
actual vehicular propulsion situation. 

Example (2): Consider regeneration run number 108 in Table 

(5.2-4) in which; V = 116.00 Volts, I = 98.00 Amperes, N = 8600 RPM, 
and T = 14.64 NM. For this run we have. 


P. = 14.64 * 8600 x 2x/60 = 13184.6 Watts 
in 

P = 116.00 X 98.00 - 200 = 11168 0 Watts, 
out 

Therefore, the overal regeneration MPC system efficiency, n &ystetn , at 
this torque and speed is 


ti . = (P VP. ) X 100% 

system out in 

= (11168.0/13184.6) x 100% = 84.7%. 


setup (2): For test setup (2), which functions only in the motoring 

mode, see Figure (5.1-4), the input power, P. , was calculated as the 

product of the dc line voltage, V, read by voltmeter, V^, Figure 

(5.1-4), times the dc line current, I, read by ammeter, A^ . That is 

P. = V • I ♦ 200 Watts. (5.3-5). 

in 

Again, the 200 Watts term represents the power consumed by the low 
level control electronics, which were supplied independently in this set- 
up. However, in an actual vehicle situation this power must be sup- 
plied by the battery. Again, the voltage ripple effect in the dc line 
was found to be insignificant as mentioned above. 

Upon examining test setup (2) of Figure (5.1-4), it becomes obvious 
that the output power, P QU ^, is the sum of three power components. 

These power components are: 

1. = the output power of the permanent magnet alternator, 

given by the reading of wattmeter, Wg, which is the power 
dissipatated in the resistance load. 
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2. ^ohmic = t1le °^ m ‘ c losses in the armature of the permanent 

magnet alternator, which is given by knowledge of the armature 

current reading, l a1 *‘, of ammeter A- or A~, and the armature 

* * alt 

resistance per phase, r , of that alternator. Thus, P^mic is 
given as, P a1 * jc = 3 • (l a,t ) a • r fl Watts(5.3-6) . 

3. P ro tational = t1,e ro ^ at ' ona l losses of the permanent magnet al- 
ternator, which are determined once the speed is read by ta- 
chometer, Nj, and is read from an experimentally obtained 

curve of these rotational losses as function of speed. This ro- 
tational loss curve is given for convenience in Figure (5.3-2). 


Accordingly, the output power, P QU ^, in test setup (2) is given by 

alt . „a1t 


p = p a1 * ♦ p“ ■ v ♦ p' 

out out ohmic rotational 


(5.3-7) 


A pictorial display of the above is given in Figure (5.3-3). 


Example (3): Consider motoring run number 158 in Table (5.2-1)in 

which; V = 117.60 Volts, I = 222.90 Amperes, N = 5428 RPM, P ^ = 

17889 Watts, and l a **' = 109.5 Amperes. At a speed of 5428 RPM, the 
rotational losses of the permanent magnet alternator, P^tational' is 

read 

from Figure (5.3-2) as 
^rotational * 193 W *«*- 

For an alternator current, l a **‘, of 109.5 Amperes, the alternator arma- 
ture ohmic losses, P^mic' for * n armature resistance per phase, r # = 

.01246 Ohms at 35°C (r # * 0.01200 Ohms at 25°C) 

P ohLc “ 3 x 0 01246 * 0°9-5)* s 448 Watts. 

Hence, P Qut of the MPC system. Equation (5.3-7), becomes, 

P out s 17889.0 ♦ 448 ♦ 193 = 18530.0 Watts. 

Here, the input power is 


P. = 117.60 * 222.90 = 26413.0 Watts, 
in 

Therefore, the overall motoring MPC system efficency, »t 

load is 


''system 


" < P out /P in> " 100% 

= (18530.0/26413.0) * 100% = 70.2%. 
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It may be of interest to some readers to separate the MPC system 
losses into two components, one loss component would be losses in the 
machine and the other would be losses in the power conditioner. Alt- 
hough, this will not be done here, because of lack of need for such 
loss identification, these authors wish to provide the data base on 
which Su«,n loss separation can be accomplished. In order to accomplish 
this task one needs to know the rotational losses as function of motor 
speed for both machines, as well as the resistance values per phase of 
the armature windings of both machines. 

Figures (5.3-4) and (5.3-5) contain plots of the rotational losses 
obtained by test versus machine speed for the samarium cobalt and the 
strontium ferrite based machines, respectively. It should also be 
pointed out that the armature resistances per phase for parallel path 
connection, (line to neutral) at 2I.7°C are 0.00238 Ohms and 0.00236 
Ohms, obtained from tests performed on the samarium cobalt, and 
strontium ferrite machines, respectively. These data may be of interest 
to those who may wish to separate the MPC system losses into motor 
losses and power conditioner losses. 


5.3.2 IDENTIFICATION AND CORRECTION OF ERRORS IN TEST DATA 
TAKEN AT LOW TORQUE POINTS - DETERMINATION OF TORQUE 
OFFSET 

During the analysis of the test data of the strontium ferrite based 
MPC system, see Tables (5.2-5), (5.2-6), and (5.2-8), a discrepancy 
became apparent when unrealistically high efficiencies were calculated at 
various operating points in both the motoring and regenerating modes. 
In order to find reasons for this discrepancy, the electrical power, P , 

and the mechanical power, ,° m , were ploted versus torque « speeds of 

3500, 5400 and 7200 RPM, for both the motoring and regenerating 
modes, as shown in Figures (5.3-6), (5.3*7), and (5.3-8), respective- 
ly. Notice that in the motoring mode, the electrical power, P , is the 

input power, P. , into the MPC system, and the mechanical power, P , 

In m 

is the output power, P QU ^, from the MPC system. Meanwhile, in the 

regenerating mode, the electrical power, P # , is the output power, P 

returned to the battery from the MPC system, and the mechanical pow- 
er, P . is the input power, P. , into the MPC system. 

rfl In 
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FIGURE (5.3-5) Rotational Losses Versus Speed - Strontium 

Ferrite Machine 


Upon close examination of Figures (5.3-6) through (5.3-8), it be- 
comes evident that the discrepency in values of MPC system efficiency 
could be accounted for by a shift of the P ffl curves by a certain torque 

value. This shift compensates for a constant error (offset) in the tor- 
que transducer readings. The magnitude of this shift is determined 
such that at no load (zero torque, that is zero mechanical power, P^) 

the electrical power, P , is equal to the rotational losses at the given 

speed, plus the 200 Watts of low leve ! control electronic losses, plus a 
reasonable no-load loss in the power components of the power condition- 
er. This torque magnitude was found, on the basis of Figures (5.3-6) 
through (5.3-8), to be equal to 1.4 Newton Meters error in the torque 
transducer readings. Accordingly, after the application of this shift. 
Figures (5.3-6) through (5.3-8) yielded Figures (5.3-9) trough 
(5.3-11). 

The above means that an increase in the torque reading for the re- 
generation runs and a decrease in the torque readings for the motoring 
runs by 1.4 Newton Meters of torque at any speed is necessary 
throughout Tables (5.2-5), (5.2-6) and (5.2-8). This yields the addi- 
tional corrected torque, and output or input power columns given in 
these tables for the strontium ferrite based MPC system, for motoring 
and regeneration, respectively. 


5.3.3 DETERMINATION OF INTERPOLATION FORMULAS FOR SYSTEM 

LOSS. 

The performance data for both the samarium cobalt and strontium 
ferrite based MPC systems were given in Section (5.2) in terms of 
speed, torque, current, voltage, and input as well as output powers. 
From the input and output powers, the system loss corresponding to a 
given speed and torque was easily obtained as shown earlier in this 
section. However, in order to show the system loss (or system perfor- 
mance) at various speeds and torque, cumbersome tables were given for 
both MPC systems operating in the motoring and regenerating modes as 
shown in Section (5.2). Presenting the data in this manner makes it 
rather difficult to utilize such information, as in the calculation of the 
system drive cycle efficiency. Furthermore, the tabulated data pre- 
sents no direct insight as to how parameters such as the speed and 
torque may affect the system losses. 
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FIGURE (5.3-6) Plot of Electrical and Mechanical Powers 
Versus Torque at 3500 RPM for the Strontium Ferrite 
MPC System Before Torque Shift 
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Machine Speed - 5400 RPM 

P tt - electrical Power 
e 

P * mechanical Power 
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P p at no load = 460 Watts 
Torque Correction = 1.3 Hn 
(Strontium Ferrite Machine) 




FIGURE (5.3*7) Plot of Electrical and Mechanical Powers 
Versus Torque at 5400 RPM for the Strontium Ferrite 
MPC System Before Torque Shift 
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MPC System Power Curves 

Before Torque Correction - at 

Machine Speed = 7200 RPM 

P * electrical Power 
e 

P - mechanical Power 
m 

P at no load * 585 Watts 
e 

Torque Correction = 1 . 3 NM 

(Strontium Ferrite Machine) 
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FIGURE (5.3-8) Plot of Electrical and Mechanical Powers 
Versus Torque at 7200 RPM for the Strontium Ferrite 
MPC System Before Torque Shift 
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FIGURE (5.3-10) Plot of Electrical and Mechanical Powers 
Versus Torque at 5400 rpm for the Strontium Ferrite 
MPC System After Torque Shift 







1250 


2500 


3700 


5000 


6250 


7500 


Torque (l*n) 


FIGURE (5.3-11) Plot of Electrical and Mechanical Powers 
Versus Torque at 7200 rpm for the Strontium Ferrite 
MPC System After Torque Shift 
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Given the above disadvantages of tabulating the data, one needs to 
present the data in a simple and more accessible form; that is in a 
mathematical form. This calls for curve fitting the given MPC system 
loss data using a suitable mathematical loss expression. Various inter- 
polating techniques are given [1,2] in books on Numerical Methods. 
The technique used in numerical curve fitting of the system losses cor- 
responding to the samarium cobalt and strontium ferrite MPC sytems in 
the motoring and regenerating mode is that which is based on the 
least-squares Approximation method. This method offers a means for all 
points in the test data collection, by minimizing the square of the er- 
ror. 


Consider either the motoring or the regenerating mode of operation 
of either the samarium cobalt or the strontium ferrite MPC system. The 
(rotational) losses in the machine portion of the system are dependent 
on the shaft speed and torque. This also applies to varying degrees to 
the stray losses in the machine, the switching losses in the power con- 
ditioner, and the ohmic losses in the MPC system. In other words, the 
system loss, SL, can be written as follows: 

SL = f (w, T) (5.3-8) 


where u is the shaft speed in radians/second, and T is the torque in 
Newton -meters. Let SL be a polynomial function as follows: 

SL = c^h^fw/f) ♦ c^hjfi^T) ♦•••♦ c n h n (w,T) 


I. =| Cjhj(u.T) 


(5.3-9) 


where the hj(<;,T) are various combinations of w, w 2 , •••, T, T 2 , •••, 

wT, u>T 2 , w 2 T, ••• and the coefficients c- are chosen so that SL gives a 

best approximation to the system loss data. For each pair of w and T, 
an equation can be written for the system loss as given by Equation 
(5.3-9). Thus for m pairs of w and T (or m data points), m equations 
can be written. In matrix form, these equations are given by 


Sh‘ 


CN 

_l 

CO 
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SL 


m 



Immzmm nmm 


or 


SL = H • C 
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C 2 
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C n 

SL ' 

a 


(5.3-10) 


troduced by approximating SL 9 with SL is given by 

£ = SI 8 *-• SL* SL* - 1L* £ 


(5.3-11) 


254 


TH- -/KM* 


"■ >>. r 




PT* nr*** 





Setting the error vector, to zero and solving for C in Equatin (5.3-11), 
one obtains the following: 

C = a ' 1 SL a (5.3-12) 

Equation (5.3-12) can be easily programmed and solved by such meth- 
ods as Gauss Elimination, Gauss-Seidel and so forth [1, 2]. By trying 
various combinations of the basic functions, hj(u,T), a vector C can be 

obtained which minimizes the square of the error, E • E 

In our case a computer software package [3] was available to help 

solve Equation (5. 3-12) subject to the smallest E • E ' possible. The 
results (system loss interpolation formulas) corresponding to the samar- 
ium cobalt MPC system in both the motoring and the regenerating modes 
and the strontium ferrite MPC system in both the motoring and the re- 
generating modes will be given in the next Section (5.4). 
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5.4 CORRECTED TEST RESULTS AND INTERPOLATION 
FORMULAS FOR SYSTEM LOSS CALCULATION 
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The corrected values of torque and output or input power for the 
strontium ferrite based MPC system were arrived at as described in 
Section (5.3), and tabulated in the corrected torque and output or in- 
put power forms of Tables (5.2-5), (5.2-6) and (5.2-8). There was no 
apparent torque transducer error in the test dat; of the samarium co- 
balt based MPC system. 

Application of the MPC system loss interpolation method described in 
Section (5.3.3) yielded the following general MPC system loss formula, 
which is valid for both machine systems at hand, in the motoring and 
regenerating modes of operation: 

MPC system losses = Ci^T'^CgT^c^T^c^T^CgT* 

♦CyW + CgW* 4 CgW ,+ c^QwT 4 c^uT 1 

♦c^ 2 W 1 T + c^ 2 «*T l Watts (5.4-1) 

where T is the machine shaft torque in Newton Meters, and u is the 
machine shaft speed in mechanical radians per second. The constants 
c.j through c^ are given in Table (5.4-1) for parallel connected wind- 
ing paths per phase, for the samarium cobalt based and strontium fer- 
rite based systems, respectively. Notice also that equation (5.4-1) is 
not valid for loss calculation at a shaft speed w = 0. This loss formula 
includes the 200 Watts of losses in the low level control electronics as- 
sociated with the MPC system for both machines. 

Accordingly the relationship between the input power, output pow- 
er and MPC system losses given by Equation (5.4-1) can best be un- 
derstood for the motoring and regenerating modes by the power flow 
diagrams of Figures (5.4-1) and (5.4-2), respectively. On the basis of 
these figures, the MPC system efficiencies for motoring and regenerat- 
ing modes can be expressed, respectively, as follows: 

"Motoring * P out /P in * I T “ /(T “* MPC S V««" Lot...)) . 100% (5.4-2) 

and 

n D .. = P ./P. = [(T.w-MPC System Losses)/T.w * 

Regenerating out in 1 

100% (5.4-3) 

At this stage, examples of application of the loss and efficiency cal- 
culation formulas (5.4-1) through (5.4-3), to specific test runs in Ta- 
bles (5.2-1) through (5.2-8) would be very useful. 
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TABLE (5.4-1) CONSTANTS OF MPC SYSTEM LOSS FORMULA, 
EQUATION (5.4-1) 


r 1 


Constants 


C 1 

Machine 
and Mode 

c 2 c 3 

c 4 

C 5 

Samarium 

Cobalt -2648.02442 

Motoring 

1189.4347 -58.88318 

1.55152 

-0.03042 

Samarium 

Cobalt -515.57409 

Regeneration 

995.91247 -328.54064 

4 7.64375 

-3.17101 

Strontium 

Ferrite -3432.20449 

Motoring 

25.84914 127.05699 

-12. t >76 

0.43403 

Strontium 

Ferrite -1602.39470 

Regeneration 

1172.56686 -211.82710 

20.27762 

-1.00633 
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TABLE (5.4-1) Continued 


Constants 

c 6 

Machine 
and Mode 

c 7 

c 8 

c 9 

c 10 

Samarium 

Cobalt 0.00026 

Motoring 

3.85509 

-0.00005 

-5.01872 

0.15377 

Samarium 

Cobalt 0.07896 

Regeneration 

0.49068 

-0.00091 

0.00000 

-0.16417 

Strontium 

Ferrite -0.00499 

Motoring 

18.75077 

-0.02882 

0.00002 

-1.03153 

Strontium 

Ferrite 0.02091 

Regeneration 

-1.91232 

0.01115 

0.00000 

-0.74595 
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TABLE (5.4-1) 

Continued 


Constants 

Machine 
and Mode 

C 11 

c 12 

c 13 

Samarium 

Cobalt 

Motoring 

0.15377 

0.00594 

-0.00017 

Samarium 

Cobalt 

Regeneration 

0.03466 

0.00012 

0.00012 

Strontium 

Ferrite 

Motoring 

0.04923 

0.00052 

-0.00003 

Strontium 

Ferrite 

Regeneration 

0.05301 

-0.00049 

0.00002 
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POWER FLOW IN MPC SYSTEM (MOTORING) 




MPC System Losses 

FIGURE (5.4-2) Power Flow - MPC System (Regenerating) 
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Example (1): 

Consider motoring test run number 68 for the samarium cobalt 
based MPC system. Table (5.2-1). This run had a speed reading 
of 7200 RPM and a torque reading of 25.08 Newton Meters. 
Substituting 


w = 7200 x 2ir/60 = 754.0 Radians/Sec. 

and T = 25.08 Newton Meters into Equation (5.4-1) yields an 
MPC system loss of 4211.7 Watts. Substituting this MPC system 
loss, and the above torque and speed into Equation (5.4-2) yields an 
MPC system efficiency, T) MotoHng , of 

^Motoring 

The above should be compared with an MPC system loss value, based on 
test, of 4134.0 Watts and an MPC system efficiency of 82%. Notice that 
the MPC system loss and efficieny values obtained from test are very 
close to the corresponding values obtained from the "curve fitted" loss 
interpolation formula. 

Example (2): 

Consider regeneration test run number 79 for the samarium cobalt 
based MPC system. Table (5.2-4). This run had a speed reading of 
8720 RPM and a torque reading of 8.81 Newton Meters. Substituting, 

u = 8720 x 2ir/60 = 913.2 Radians/Sec. 

and T = 8.81 Newton Meters 

into Equation (5.4-1) yields an MPC system loss of 810.0 Watts. 

Substituting this MPC system loss, and the above torque and speed into 
Equation (5.4-3) yields an MPC system efficiency, ^Rggepgpating' 

of 


^Regenerating ” ^ 


The above should be compared with an MPC system loss value based on 
test of 798.9 Watts and an MPC system efficiency of 90%. Notice 
that the MPC system loss and efficiency values obtained from test 
are very close to the corresponding values obtained from the "curve 
fitted" loss interpolation formula. 
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Example (3) : 

Consider motoring test run number 10 for the strontium ferrite based 
MPC system. Table (5.2-5). For this run, we have 

4) = 7160 x 2 it/ 60 = 749.8 Radians/Sec. 

and the corrected test reading of the torque, T, is 

T = 13.17 Newton Meters 

Hence, from Equation (5.4-1) we have 

MPC system loss = 2353.0 Watts 

and it follows from Equation (5.4-2) that 

^Motoring = 80,8 % 

The above should be compared to the following obtained directly from 
corrected test data: 


MPC system loss = 2215.1 Watts 


and 


’’Motoring 8 ^'^ %. 

Example (4): 

Consider regeneration test run number 126 for the strontium ferrite 
based MPC system. Table (5.2-8). For this run, we have 

w = 7180 x 2ir/60 = 751.9 Radians/Sec. 

and the corrected test reading of the torque, T, is 

T = 14.28 Newton Meters. 

Hence, from Equation (5.4-1) we have 

MPC system loss = 2567.9 Watts 
and it follows from Equation (5.4-3) that 

’’Regenerating ~ 
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The above should be compared to the following obtained directly from 
corrected test data: 

MPC system loss = 2526.0 Watts 

and 

n Regenerating " 

Furthermore, Tables (5.4-2) through (5.4-5) give a comparison between 
the MPC system losses obtained directly from test data, and the 
corresponding MPC system losses obtained from the loss iterpolation 
formula of Equation (5.4-1) at various torques and speeds, for both 
samarium cobalt and strontium ferrite based MPC systems in the 
motoring and regeneration modes. Furthermore, the equi-efficiency 
contours based on test for the samarium cobalt, and strontium ferrite 
based MPC systems are given in the Ampere-RPM plane in Figures (5.4-3) 
and (5.4-4), respectively. 

The MPC system performance at rated (15hp) 11.2 kw and peak 
(35 hp) 26.1 kw motor output including MPCsystem test voltage, 
test current and corresponding losses and 

efficiences obtained from test are given in Tables (5.4-6) and (5.4-7), 
repectivtly, for both MPC systems developed and tested in this 
investigation. Observe that advanced commutation by 30°E was 
necessary to attain the 35 hp peak motor output for both machines. 

Detailed discussion of the effects of advanced commutation was given 
earlier in Chapters (2.0) and (3.0). 

At this stage, the calculation of the cycle efficiency when such an MPC 
system is used to propel a 1364 kg (3000 Lbs.) vehicle over a standard 
122 seconds SAE drive cycle is in order. This is given next. 
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TABLE (5.4-2) SAMARIUM COBALT (parallel) MACHINE - MOTORING 


SPEED 

(RPM) 

TORQUE 

(N-M) 

LOSS(TEST) 

(watts) 

LOSS (FORMULA) 
(watts) 

8230 

15.25 

1849.1 

1817.6 

7200 

25.08 

4137.6 

4211.7 

8000 

14.57 

1806.0 

1789.2 

5400 

1.35 

296.7 

305.0 

5400 

5.76 

765.5 

804.8 

3600 

6.10 

553.2 

520.9 

6900 

36.27 

7916.5 

7909.0 

1865 

6.42 

584.8 

534.5 

1814 

13.37 

1085.4 

1228.8 

5499 

15.26 

1587.5 

1480.1 

7165 

13.15 

1690.6 

1734.8 

1812 

23.90 

2456.9 

2307.6 

3785 

25.13 

2776.3 

2865.4 

1935 

31.10 

3898.7 

3944.4 

5428 

32.60 

7886.1 

7824.6 

3720 

38.05 

11272.2 

11284.6 



FIGURE (5.4-3) Equi-Efficiency Contours - Samarium 

Cobalt Case 
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TABLE (5.4-3) SAMARIUM COBALT (parallel) 
MACHINE - REGENERATION 


K 


1 


SPEED 

(RPM) 

TORQUE 

(N-M) 

LOSS(TEST) 

(watts) 

LOSS (FORMULA) 
(watts) 

8750 

1.08 

244.7 

259.1 

8750 

5.15 

534.8 

53557 

8720 

8.81 

797.3 

810.0 

8700 

12.34 

1274.8 

1268. 1 

7140 

5.15 

596.4 

542.6 

7120 

8.81 

916.4 

873.1 

7100 

12.07 

1281.6 

1373.0 

5360 

1.08 

265.4 

264.6 

5350 

5.15 

566.8 

558.0 

5350 

8.68 

857.1 

871.7 

3590 

5.15 

505.2 

562.6 

3580 

8.68 

781.3 

819.5 

3560 

11.79 

1289.1 

1200.8 

1800 

0.95 

288.2 

215.7 

1790 

8.63 

689.5 

676.6 

5400 

16.54 

4301.6 

4308.1 

3600 

14.78 

2129.3 

2085.8 

3600 

15.32 

2456.0 

2482.7 

1800 

14.91 

1549.1 

1593.8 

1800 

15.45 

1986.9 

1970.7 

8600 

14.64 

2014.14 

2015.5 

8600 

15.73 

2922.6 

2900.7 


h 

% 


1 
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TABLE (5.4-4) STRONTIUM FERRITE (parallel) 
MACHINE - MOTORING 


SPEED 

(RPM) 

TORQUE 

(N-M) 

LOSS(TEST) 

(watts) 

LOSS(FORMULA) 

(watts) 

9400 

2.67 

1335.6 

1370.2 

8900 

5.72 

1535.7 

1528.8 

8500 

13.17 

2341.0 

2278.8 

7110 

5.04 

1115.1 

975.2 

7160 

13.17 

2216.9 

1353.0 

5450 

0.63 

564.4 

561.2 

5450 

5.72 

1180.2 

1292.4 

5600 

25.04 

4300.5 

4403.9 

3760 

11.14 

3019.3 

2974.7 

3660 

23.00 

3932.8 

3799.4 

1850 

5.72 

841.9 

843.8 

6750 

36.29 

10536.3 

10562.1 

5400 

30.46 

8382.4 

8204.0 

3600 

31.95 

8595.6 

8745.2 

1800 

29.38 

4798.0 

4956.5 

1800 

33.04 

6610.7 

6471.6 

1800 

22.60 

2718.8 

2703.8 


vC' ; 



"VL'.'i 

'Jr! ' 



’1i 


268 


i m. i i i j i ^ ■ - . jj *-W 


“ » " 



TABLE (5.4-5) STRONTIUM FERRITE (parallel) 
MACHINE - REGENERATING 


SPEED TORQUE LOSS(TEST) j 

LOSS(FORMULA) (RPM) (N-M) (watts) | 

(watts) | 


8820 

5.13 

559.9 

563.6 

1 

1 

8760 

10.89 

592.6 

571.2 

1 

\ 

5400 

1.40 

461.2 

462.4 

i 

5400 

7.50 

367.3 

362.3 

i 

5360 

10.89 

793.6 

794.0 

i 

1000 

4.79 

405.2 

393.7 

i 

1803 

7.84 

547 0 

576.5 

| 

1804 

10.89 

848.1 

828.4 

i 

8430 

14.96 

3190.9 

3322.7 

i 

8450 

15.77 

4273.1 

4228.1 

i 

7180 

14.28 

2523.9 

2567.9 

i 

7140 

15.23 

3604.3 

3368.8 

i 

5400 

14.96 

2563.1 

2649.8 

i 

5400 

16.04 

3380.7 

3525.8 

i 

3600 

15.23 

2249.0 

2255.3 

i 

3620 

15.91 

2837.6 

2693.9 

i 

1810 

14.96 

1717.2 

1714.2 

i 

1810 

16.31 

2301.9 

2339.3 

i 

i 

t 

J 


I 
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TA3LE (5.4-6) PERFORMANCE OF THE SAMARIUM COBALT AND 
STRONTIUM FERRITE MACHINES AT RATED POWER CONDITION 


Quantity Armature 

Connection 

Machine 

DC Line DC Line 

Voltage Current 

(Volts) (Amps) 

Speed 

(RPM) 

Samarium Cobalt 

Parallel 

115.8 110.6 

8640 

Strontium Ferrite 

Parallel 

115.6 107.2 

8760 


Quantity 

Machine 

(%) 

System Input 
(Watts/hp) 

System Output 
(Watts/hp) 

System 

Efficiency 

Samarium Cobalt 
(15.2) 

13013.2 

11345.9 

87.2 

(17.4) 

Strontium Ferritte 
(14.1) 

12600.2 

10531.1 

83.6 

(16.9) 
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TABLE (5.4-7) PERFORMANCE OF THE SAMARIUM COBALT AND 
STRONTIUM FERRITE MACHINES AT PEAK POWER CONDITION 


Quantity 

Armature 

DC Line 

DC Line 

Speed 

Machine 

Connection 

Voltage 

(Volts) 

Current 

(Amps) 

(RPM) 

Samari jm 

Cobalt Parallel 

116.9 

29o.1 

6900 

Strontium 

Ferrite Parallel 

120.9 

297.6 

6750 


Ouantity System Input System Output System 
Machine (Watts/hp) (Watts/hp) Efficiency (°o) 


Samarium Cobalt 34119.0 
(35.2) 76.8 

26207.5 

(45.7) 

Strontium Ferrite 36183.4 

25651.9 

(48.5) 


(34.4) 70.9 
















5.5 VEHICULAR DRIVE CYCLE EFFICIENCY 


In this section the samarium cobalt and stontium ferrite based MPC 
systems will be assumed to be utilized in the propulsion of a 1364 kg 
(3000 lbs.) vehicle, subject to the standard SAE drive cycle 
J227a-Schedule D shown in Figure (5.5-1), which depicts a typical ur- 
ban pattern of driving. The performance of the two MPC systems de- 
veloped during the course of this investigation is quantified here, sub- 
ject to: (1) vehicular characteristics such as wind and tire 

resistances, as given in Reference [6], and (2) the above mentioned 
drive cycle. 


Accordingly, the SAE J27a-Schedule D cycle efficiency of each of 
the two above mentioned MPC systems (when these systems are assumed 
to propel the above vehicle is calculated here. That is, the vehicle 
characteristics are always the governing factor in determining the MPC 
system torque and speed. This is accomplished by dividing the drive 
cycle into five regions. Regions (1) through (5), as shown in Figure 
(5.5-1). Furthermore, each region is divided into many time incre- 
ments, At, during each of which the MPC system torque, T, and speed, 
w, are calculated on the basis of the drive cycle and vehicle conditions, 
and are considered constant throughout the given At at their value at 
midpoint through At, see Figure (5.5-1). Once T and w are calculated 
for each time increment. Equations (5.4-1) through (5.4-3) yield the 
MPC system losses, input and output powers, and efficiency, whether 
the system is in the motoring or regenerating mode of operation. The 
input energy into the MPC system and the output energy from the MPC 
system are thus calculated for each time increment (At)j, i = 1, 2, •••, 

L, where L is the total number of time increments in a given region, j, 
under '■nsideration, where j = 1, 2, •••, 5. Hence, for a region, j, 
one cdii write the following: 

W(losses)j = L_.j(MPC Losses^) (AT) Joules (5.5-1) 

W(input)j = Zj_ =1 ( Pj n )(Atj) Joules (5.5-2) 

W(output). = Zj_i (P Qut )(Atj) Joules (5.5-3) 

J ut j 1 

where, W(losses)j is the total lost energy in region, j, the MPC system 
using Equation (5.4-1) to obtain the system losses, (MPC Losses^), and 
W(input)j is the total input ener ty for the duration of region, j, into 
the MPC system. Notice that, if motoring 


P in = ( T i W m > + ( MPC 1-OSSeS.) 

in. i m j i 

and if regenerating, 


zt ia** 




Watts 


(5.5-4) 
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Watts . 


(5.5-5) 
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P in = ( T i W m ) 

in. i m. 

i i 


Here, w is the machine speed for the i* increment, 
m. 

i 

is the toal output energy for the duration of region, 
system. Notice that, if motoring. 


P . 
out. 

i 

and if regenerating. 


(T.w 
i m. 


Watts 


Also, W(output)j 
j, from the MPC 

(5.5-6) 


P . = (T.w ) - (MPC Losses.) Watts. (5.5-7) 

out. i m. i 

i i 

The net input energy, Wj^jqj, from the source into the MPC system is 
given by 

W|^jqj = (I W(input)j) - W(output)^ Joules (5.5-8) 

because regeneration takes place only during region (4). The net use- 
ful MPC system output energy to the drive shaft, Wqjjjjqj, is 

Wqjjjjqj = l W(output). Joules (5.5-9) 

because there is no useful output to the drive shaft in regions (3), 
(4), and (5). 


Accordingly, the overall cycle effficiency is the ratio between the 
net useful output, Wq^j-j-qj, and the net input energy, W| N jqj, that 

is 

n cycle = W OUTTOT /W INTOT x 100 % .(5.5-10) 

Now the methods of calculation of all these powers and energies during 
each of the five regions are detailed next. 


REGION (1): 

In this region, Figure (5.5-1), the electric vehicle must be acceler- 
ated (propelled) from zero velocity to a cruising velocity of 72Km/h (45 
mph) in 28 seconds subject to the forces shown in the schematic of Fig- 
ure (5.5-2). Suppose that this region is divided into two subregions 
where the first subregion consists of accelerating the vehicle from 
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FIGURE (5.5-2) VEHICLE MODELING FOR DRIVE CYCLE 

CALCULATIONS 


**■ a ‘-2 r 


O — SfuflW 

or poor QUM-irr 







zero velocity to a velocity, v^g, at which the gear is shifted. In this 
application, V^g is taken to be half of the cruising velocity, v^ R . 
The second subregion is the region from the velocity, VQg, to the vel- 
ocity, v CR . 

Let the time corresponding to the velocity v^g be t^g. Also let the 

constant acceleration of the vehicle within the first subregion be a^ and 

the constant acceleration of the vehicle within the second subregion be 
aj. Assume that the gear ratio at velocities below v^g is GR^ and the 

gear ratio at velocities above v^g is GRj. The gear ratio is defined 
here to be the ratio of the angular speed, « m , of the motor to the an- 
gular speed, w^, of the wheels of the vehicle. For rectilinear motion in 
the first subregion of region (1). 


V GS = a 1 * *GS (5.5-11) 

and for rectilinear motion in the second subregion, 

V CR = V GS + a 2 (t a " t GS ) (5.5-12) 

where t is the time corresponding to the velocity v^ R . Substituting 
Equation (5.5-11) into Equation (5.5-12), where V GS = V CR /2 and as ' 
suming that a 2 = a^/2, and solving for a^, one obtains the following: 

a 1 * (2v CR - v Gs) /t , * 3 W 2 ‘. (5 - 5 ,3) 


from which 


*GS = v GS /a 1 = V 3 ’ 


(5.5-14) 


For the i instant of time, t., where 


*i = Vi 


(5.5-15) 


where At is a constant time increment used throughout the drive cycle 
in which tQ = 0, one can write the following for the first subregion: 


v i = *iV 

The accelerating force (Newtonian) is given by 


(5.5-16) 


F. = M • a 1 


(5.5-17) 
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where M is the mass of the vehicle under consideration. The rate of 
work done by this force is 

Pj = F jVj . (5.5-18) 

Let the gear efficiency which is the ratio of the power supplied to 
the wheels to the power developed by the motor be k. In subsequent 
calculations for purposes of this work, k is taken to be unity (100% 
gear efficiency). Then, tne power developed by the motor is given by 

P m = P./k. (5.5-19) 

» 

If ti.e radius of a wheel is then the angular speed of the wheel is 
given by 


V = V / R w 

and the angular speed of the motor is given by 


(5.5-20) 


“m. ” GR 1 ’ V' 

I I 

The motor shaft torque is therefore given by 


(5.5-21) 


T = P m / w . 
m j m j m j 


Now the system losses, MPC Losses., 


(5.5-22) 

during motoring as a function of 


w and T are then calculated using Equation (5.4-1) where the cons- 
m i m i 

tants are given in the first and second rows of Table (5.4-1) for the 
two MPC systems developed in the course of this investigation. Hence, 
the total input power into the MPC system becomes 


P. = P * (MPC Losses.). (5.5-23) 

m i m i ' 

Therefore, the change in input energy to the MPC system from time, 
tj_.j to time, tj is given by 


AW inj ^ P inj • At. (5.5-24) 

The change in outDut energy from the MPC s> ,tem from t._,j to t. is 
given by 


AW 


out. 


= P . 


m. 


Thus, the total energy 
tc$) becomes 


At. 

into the MPC system 


(5.5-25) 

Vom time (= 0) to time (= 
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(5.5-26) 


and the total energy output of the system in this time becomes 
n ii 

W out„ r E ,=l 4W o utj 
where n 11 = t GS /At * 


(5.5-27) 


Writing an equation similar to Equation (5.5-16) for the second su- 
bregion. 


y • 
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v i = Vi • a 2 (, i 


W- 


n 12 2 1 * n 11 


= Vj i * a.jAt/2, n^ 2 • * (5.5-28) 

where n^ and n^ designate the beginning and end of the second su- 
bregion in region (1), respectively. The accelerating force is given by 


Fj = M • 3^2 


(5.5-29) 


and the rate of work done by this force is given by Equation (5.5-18). 
Also, the power developed by the motor and the angular speed of the 
wheels of the vehicle are given by Equation (5.5-19) and (5.5-20), re- 
spectively, for n^ - i > n^. The angular speed of the motor is given 

by 


v = GR 2 • v- 

i i 


(5.5-30) 


The corresponding motor shaft torque is given by Equation (5.5-22). 
As described earlier, the losses, MPC Losses., in the MPC system, the 

change in input energy to the MPC system, and the change in output 
energy for a duration of At seconds within this subregion are given by 
Equations (5.5-23) through (5.5-25), respectively. Therefore, the total 
energy into the MPC system from time (= t^) to time (= t a ) is given 

by 


W. 

in 


12 

= l AW.. 


12 


in. 

i 


(5.5-31) 


i=n„*l 


and the total energy out of the MPC system for this period becomes 

n. 


W 


out 


'12 
= Z AW 


12 


out. 


I 


'■"ll’ 1 
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(5.5-32) 



where 


n 12 


= t /At. 
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Hence, for Region (1), the total energy into the MPC system is giv- 
en by Equations (5.5-26) and (5.5-31). That is. 


n 


11 n 12 

W. = AW. ♦ L 
in. i-l in. i-n 

i i 


n * 1 iWir V 


(5.5-33) 


The total energy output of the MPC system for Region (1) is given by 
Equations (5.5-27) and (5.5-32). That is. 


n 


11 


n 


12 


W ou tl = £ i=1 AW outj + £ i=n 11+ 1 AW ouy 


(5.5-34) 


REGION (2): 

In this region. Figure (5.5-1), the electric vehicle must be main- 
tained at the cruising velocity of 72 km/h (45 mph) for 50 seconds. 
This implies that the acceleration of the vehicle is zero and 

Vj — n 2 — i ^ n^ (5.5-35) 

where n^ and n 2 designate the beginning and end of Region (2),, re- 
spectively. In addition, the power developed by the motor, P , the 

i 

angular speed of the wheels, u^. , the angular speed of the motor, , 

i m i 

the developed motor torque, T , the input power to the MPC system, 

m i 

Pj n , and the changes in input energy, AW. , and output energy, 

i in i 

AW Qut , remain constant at their values at the end of Region (1), i = 
n 12' 

Therefore, the total input energy into the MPC system in this re- 
gion is given by 


n 2 



£ ' =n 12 +1 AW ' n i 
[(n 2 -n 12 )*AW jr _ 


1 ._ 

'" n 12 


(5.5-36) 


and the corresponding total output energy from the MPC system is giv- 
en by 



^out- ^i=n,« + 1 A ^out. 

2 12 i 

= [(n 2 - n 12 ] * AW out ] i=n 12 
where n 2 = (t fl ♦ t^^)/A>t. 
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REGION (3): 


In this region called the coasting region. Figure (5.5-1), the elec- 
tric vehicle must be decelerated at a constant rate from the cruising 
velocity of 72 km/h for 10 seconds. This deceleration is accompFshed 
by the resistance force acting on the vehicle due to the wind (or aero- 
dynamics), tires to road friction, and chassis losses, see Figure 
(5.5-2). The above resistance was given in terms of power(in kw) as a 
function of velocity (in km/hr) in Reference [6]. This information is 
repeated here in mathematical form, as a polynomial function of velocity 
in Equation (5.5-38) below. 


Res(v) = -33.3 + 201. 5v - 0.11v J 


0.36v 3 


(5.5-38) 


where Res is the equivalent power of the resistance force in Watts and 
v is the velocity of the vehicle in meters per second. 

At any instant, i, within this region (n^ £ i > n 2 ), where n 2 and 
n« designate the times at the beginning and end of region (3), respec- 

sJ 

tively, the deceleration can be assumed to be equal to the deceleration 
at instant, (i-1), so long as the time interval. At between i and (i-1) is 
small enough. Let this deceleration (given below as negative accelera- 
tion) be a^. Then applying Equations (5.5-17) and (5.5-18), a^ is 

given as follows: 


a 3 = -Res(v M )/v M • 
The velocity, v. at instant i becomes 


(5.5-39) 


v i = Vi 


* a 3 At - 


(5.5-40) 


The angular speed of the wheels is given by Equation (5.5-20) and the 
angular speed of the motor is given by Equation (5.5-21) or Equation 
(5.5-30) depending on whether the velocity, v^ is less than or greater 

than the velocity, v^g, at which the gear is shifted. 

By coasting, we mean that the accelerator is no longer applied, and 
the pwoer supplied from the battery to the MPC system, except the 
power (200 Watts) supplied to the low level control electroniccs, is im- 
mediately interrupted That is. 







P. = 200 Watts, 
in. 
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(5.5-41) 


Also, the vehicle attains its current velocity, v., by virtue of its 


stored kinetic energy or momentum less the energy spent to overcome 
the wind and tire resistance, as well as chassis losses mentioned earli- 
er. This implies that the mechanical power out of the MPC system is 
zero. That is. 


out. 


0. 


(5.5-42) 


Therefore, the total energy supplied to the MPC system is given by 


W. 


.n L ,-n p i„ * At = 200(n 7 -n,) • At 
in 0 »-ru*i in. J l 


■3 ' "2 i 

and the total energy delivered by the motor is given by 


(5.5-43) 


W out 3 - E ,= V 1 Pout, • 4t = 0 
»h.re n 3 = (» a • » CR • t CQ )/At. 


(5.5-44) 


REGION (4): 

In this region. Figure (5 5-1), the electric vehicle is retarded until 
it attains zero velocity in 9 seconds. It is important to note that in 
this region the machine ceases to act as a motor but acts as a genera- 
tor, returning its output power to the battery. To best understand 
what takes place within this region, consider that it is divided into two 
subregions: a regenerative braking subregion and a mechanical braking 
subregion. The reason for applying mechanical braking is the fact that 
at some point within the region, regeneration ceases to be possible be- 
cause of low machine speed and generated emf. In order to stop the 
vehicle, mechanical braking is used to bring the vehicle to stand still 
(zero velocity). 

Consider the regenerative braking subregion. Assume that the 
vehicle is retarded at a constant rate a^ meters per second, until it at- 
tains zero velocity. Then for rectilinear motion of the vehicle from 
some velocity, v. ,, at instant t. . to zero velocity at the instant (t ♦ 

• I II 0 

*CR * *CO * t b^' re * ar< **tion (or negative acceleration) can be 

written as follows: 

a 4 = -v m /(TTB - t M ) (5.5-45) 


283 


where n^ > i > n^. Therefore (i-1) 2 and t.^ i t a + t c ^ ♦ tCO 
Notice that in Equation (5.5-45), TTB = t ♦ + t^Q ♦ t^, shown in 

Figure (5.5-1). Also, notice that n^ and n^ designate the instants in 
time at the beginning and end of Region (4), respectively. 

The velocity, v^, of the vehicle at instant, t. becomes: 

v. = v. . ♦ a, • At. (5.5-45) 

i i-l 4 

The angular speed of the wheels of the vehicle is given by Equation 
(5.5-20), from which the angular speed of the motor, u> m , will be given 

i 

by either Equation (5.5-21) or Equation (5.5-30), depending on whether 
the velocity of the vehicle, Vj, is less than cr greater than its velocity, 

VQg, when the gear is shifted. 

From instant n^ until such a time when regeneration is no longer 

practical, the brakes are applied essentially to instruct the control 
electronics of the MPC system to cause regeneration. In which case the 
machine is producing a torque opposite to the direction of the torque 
during motoring, that is, it produces a retarding torque. Notice that 
the machine torque in this case is opposite to the machine speed, w m> 

From the plots of power versus torque shown in Figures (5.2-9) 
through (5 3-11) for the strontium ferrite MPC system and from similar 
plots for the samarium ccb?!t MPC system, optimum torque values of 
about 10 N-m and 14 N-m for the strontium ferrite and samarium cobalt 
machines, respectively, were found to regenerate the most power. 
Hence it will be assumed here that the brakes are applied such that a 
constant retarding torque of 10 (or 14) N-m is developed. That is, 

T = TOR N-m (5.5-47) 

m. 

i 

where TOR = 14 N-m or 10 N-m depending on whether the machine is 
the samarium cobalt or strontium ferrite type. The cornspondng loss- 
es, LosS|, in the MPC system are given as a function of the speed, 

w , and the torque T_ in Equation (5.4-1) with the cor., tants «f * re 
m. m. 

second and fourth rows of Table (5.4-1,. 

The mechanical power from the machine is given by 
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(5.5-48) 


Since the power returned from the MPC system to the battery is in a 
direction opposite to the input power from the b ttery to ‘the MPC sys- 
tem, the former direction of flow of p »wer will be assigned a negative 
direction to preserve the chosen convention. In other words, the input 
power from the battery to the MPC system during regenerative braking 
is given by 


P. = + (MPC Losses.) (5.5-49) 

m. m. « 

the change in input energy into the MPC system is given by Equation 
(5.5-24). Since none of the mechanical power developed by the machine 
is used to propel the vehicle, the "useful" output power and change in 
output energy are zero. Thus the total "useful” output energy during 
regenerative braking is given by 


W 


out 


= 0 


4rb 


and the total input energy into the MPC system is given by 

"4r 

W;_ = X : _, P._ • At 


= I._, P. 

'"4rb 1=1 ,n i 


(5.5-50) 


(5.5-51) 


where n^ < n^ r < 


V 


n^ = TTB/At and n^ p = t./At corresponds to the 


instant at which regeneration ceases, when the motor speed is below a 
certain threshold beyond which regeneration is impractica. 


Now consider the mechanics 1 braking subregion. This subregion 
begins where regenerative braking stops. This point corresponds to 
the instant at which no net power is returned to the battery. There- 
fore, the input power* into the MPC system is solely given by Equation 
(5.5-41), which is the 200 Watts supplied to the control electronics. 
The velocity of the vehicle and the instant at which regeneration cei.se s 
was determined by a simple iterative process. Let this instant be t r , 

and let an instant, t^, < t r be when regeneration still holds. Instant, 
tj > t p , is when regeneration is no longer practicable. Notice that (t p 
- tj < (tj - t p ). This iterative process to find t p co' ,ists of suc- 
cessively halving the interval At between t. v1 and tj until approaches 
t. This is the point where the power, P. at instant, t. returned to 

r Irij 1 

the battery is zero (or is within some previously ehosen tolerance va- 
lue). 
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Beyond instant, t^, mechanical braking takes place. Notice that 

when the mechanical brakes are aplied the control electronics are de- 
signed to deactivate the entire MPC system. In this case no power i* 
consumed by the MPC system, except for the 200 Watts which must be 
delivered continuously to the control electronics. That is, the total en- 
ergy supplied to the MPC system is given by 

W jn = 200 (n 4 - n 4r ) • At. (5.5-52) 

4mb 

The "useful" output energy is zero 

Therefore, for the braking region, the total input energy into the 
MPC system is given by 

= * W ' n 4mb 

." 4r 

1 P jnj • At ♦ 200(n 4 - n 4r ) • At. (5 5-53) 


The "useful" output energy from the MPC system is given by 

W = 0. (t.5-54; 1 

out 4 


REGION (5): 

By idling. Figure (5.5-1), we mean that the electric vehicle is at a 
standstill for 25 seonds. The only power consumed in the MPC system 
is the 200 Watts taken up by the low level control electronics. The to- 
tal energy supplied by the battery to the MPC system is wr.iten as fol- 
lows : 


W. = 200t. (5.5-55) 

,n 5 ' 

where t. is the idling time. Figure (5.5-1), not to be confused with the 

general time instant, t, used throughout this development. The output 

energy from the MPC system used to propel the electric vehicle in Re- 
gion (5) is therefore zero, "hat is, 

W ou . 5 = °- (5 '“> 

Thus for the entire vehicular driv. cycle, the total energy, 
W|NTOT' from the batary to the MPC system can be written is 

follows: 


ORIGINAL PAGE H 
OF POOR QUALITY 


286 


% 


a 


♦ 


! 





T 


i.pi i, ■rTT S W 1 ' 1 ." " - 


mm 





W INTOT = W in, 


W. 


'1 m 2 "'3 '"4 '"5 

Also, for the entire vehicular drive cycle, the total output energy, 
WQyyjQy, from the MPC system is given by 


V,.. 


in. 


W. 


in. 


W : 


in. 


(5.5-57) 


W OUTTOT " W out, 


W 


out. 


W 


out. 


W 


out. 


♦ W 


out. 


(5.5-58) 


L 1 VU 

Therefore from equations (5.5-57) and (5.5-58), the vehicular drive 
cycle efficiency, n c y C j e , *s given by Equation (5.5-10). 

This method of drive cycle analysis described above was applied to 
the samarium cobalt based and strontium ferrite based MPC systems. In 
the case of the samarium cobalt based MPC system, a cycle efficiency, 
’'cycle = was obtained. Meanwhile, in the case of the strontium 

ferit cased MPC system, a cycle efficiency, ii C y C | e = 75.0% was ob- 
tained. 


The above cycle efficiencies were obtained subject to the following 


and 


CR 


20 meters/second = 72 km/h 


V GS = meters/second = 36 km/h 

M = 1364 kg 
GR 1 = 20.1448 

GR 2 = 10.0724 

R = 0.279 meters 
w 


At = 1.0 seconds. 


These cycle efficiency calculations complete the design, construction 
and testing of the two improved electronically commutated brushless dc 
machine systems developed in the course of this investigation. In the 
following chapter, conclusions, assessment of results and experience 
gained from this work, and prospective future effort is outlined. 
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6.0 CONCLUSIONS AND PROPOSED IMPROVEMENTS 


In this chapter, conclusions are drawn on the basis of the work re- 
ported on in Chapters (1.0) through (5.0) of this report. In addition, 
suggested options for future improvements on such brushless Machine- 
Power Conditioner system components are discussed in light of the find- 
ings of this investigation. 


6.1 PROJECT ACCOMPLISHMENTS 

The samarium cobalt and strontium ferrite based machine-power con- 
ditioner (MPC) systems developed in this investigation were dynamome- 
ter tested under rated 15 hp (11.2 kw) output conditions. These tests 
were run for each MPC system for a period of two hours. This was 
done to ascertain the thermal characteristics of each MPC system, and 
determine its ability to operate continuously under rated conditions. 
These tests were conducted successfully, and revealed overall MPC sys- 
tem efficiencies of about 88o and 84° for the samarium cobalt and stron- 
tium ferrite based systems, respectively, at rated 15 hp (11.2 kw) con- 
ditions. 

The two MPC systems were also dynamometer tested successfully un- 
der peak load conditions of 35 hp (26.1 kw) for more than one minute 
each. These tests were made to ascertain the ability of both MPC sys- 
tems to deliver high values of output power for short periods of time 
for purposes of acceleration, hill climbing, and other overload condi- 
tions. These tests revealed efficiencies of about 77o and 71 o for the 
samarium cobalt and strontium ferrite based systems, respectively, at 
peak one minute output of 35 hp (26.1 kw). 

Other loading conditions covering the entire range of output from 
zero to peak value were conducted successfully for purposes of obtain- 
ing the loss and efficiency characteristics for both systems. On the 
basis of thee tests, the SAE J227a Schedule D drive cycle efficiencies 
were calculated for both MPC systems developed here. These drive cy- 
cle e,,iciencies were found to be about 84° 0 and 75° 0 for the samarium 
cobalt and strontium ferrite based systems, respectively, when propell- 
ing a vehicle of 1364 kgs (3000 lbs). Accordingly, the goals of this 
project have been accomplished, and the experience gained here points 
to a number of possible future improvements which are discussed next. 
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6.2 PROPOSED MACHINE IMPROVEMENTS 

An additional mechanical gear should be considered in lieu of the 
series-parallel switching arrangement which was designed into the mo- 
tor. For both machines developed here, test results have demonstrated 
that the acceleration time of 28 seconds can be met using the parallel 
connection only. For faster acceleration or less battery drain, an addi- 
tional mechanical gear would be more economical than the switching ar- 
rangement. In addition, an entirely mechanical gear shift would be less 
confusing to the operator than a hybrid mechanical-electrical system. 

Sophisticated computer aided design tools have been perfected since 
the inception of this project. These tools are namely; 1) the ability to 
determine, with high degree of certainty, the magnetic loading condi- 
tions, and motor parameters using the method of magnetic field analysis 
by finite elements, 2) the ability to vary machine geometry in computer 
modeling, and study their impact on machine parameters, and 3) the 
ability to include parameters numerically obtained above in predicting 
MPC system dynamic performance. While the use of these tools would 
not be expected to achieve spectacular improvements in system perfor- 
mance, significant improvements would be anticipated. Perhaps the 
most significant benefit of this approach is the radical reduction of the 
risk of costly design mistakes, with their consequent prototype recon- 
struction. 

Resorting to a higher voltage, lower current system would result in 
some advantages in the motor fabrication process and may lead to re- 
duction in battery drain during starting and peak power conditions. 
Further discussion of the impact of higher voltages on the system per- 
formance is given in the next section. 

The rotor position sensing could be accomplished with four detectors 
instead of the present six detectors. The magnet structure which ex- 
cites these sensors could be simplified. Furthermore, the resort to si- 
nusoidally shaped phase currents through power electronic control tech- 
niques can lead to some improvements in commutation, and associated 
motor performance, including possible reduction of losses. 


6.3 PROPOSED POWER CONDITIONER IMPROVEMENTS 

Since the beginning of this project, significant improvements in 
characteristics and capabilites of solid state power switching components 
have been introduced into the market. In any future effort of rede- 
signing and building MPC systems similar to the two systems developed 
here, these new and improved solid state switching components (tran- 
sistors and diodes) can have significant impact on design simplification, 
and improvement of efficiencies of such systems. 

These improved transistors and diodes make it more feasible to eli- 
minate the choke arid chopper from the present power conditioner cir- 
cuit, and merge their function of dc line current, torque and speed 
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control into the inverter/converter bridge portion of the power 
conditioner. This would simplify significantly the physical layout and 
packaging of the power conditioner. It would also permit the additional 
operating mode of plugging, and would provide for continuous full re- 
generative braking torque through zero speed. 

Built-in ’flyback'' diodes available with improved power transitors 
make it possible to choose smaller heat sinks, and further shorten 
leads, and other conections involved in the layout and packaging of 
such systems. This reduces system inductances and has beneficial ef- 
fects on commutation characteristics, and accompanying losses. Liquid 
cooling schemes should also be considered for purposes of achieving 
packaging and layout improvements. 

Improved power switching components, and reduced inductances of 
lead connections, resulting from improved packaging and layout, can 
ead to significant simplification of snubber and clamping circuitry, and 
achievement of higher MPC system ratings, if desired. 

Resorting to higher values of rated supply voltage can lead to sig- 
nificant reduction in system current magnitudes, and hence can lead to 
improvements in system efficiencies. The newer improved transistors 
mentioned above are generally designed for higher voltage, lower cur- 
rent operation, and thus would be suited to the suggested higher oper- 
ating voltages. This reduction in current magnitudes can also simplify 
the phase commutation process, and lead to alleviation of (L di/dt) 
problems associated with the commutation process. Namely, this would 
reduce voltage spikes associated with commutation. These are the vol- 
tage spikes which are a main cause of solid state switching component 
failure. 

Much room is left for improvement of protective systems suited for 
use in these brushless dc electronically commutated machines. Such fu- 
ture improvements should be directed towards increasing user abuse re- 
sistance of such MPC systems. In addition, faster "turn on"/"turn off" 
times of the low power level control electronic components would enable 
turning off most of the control electronics during idling and coasting 
periods. This would lead to further power conditioner performance im- 
provements . 

Finally, the acomplishments of this inves .igation, which were de- 
tailed above, should serve as a solid base from which future improve- 
ments can be launched. 
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ON THE MAGNETIC FIELD ANALYSIS BY FINITE ELEMENTS 
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Modeling of Permanent Magnet Type Electronically Operated Synchronous 
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and Systems , PAS-Vol. 100, 1981, pp. 4125-5135. 
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Blacksburg, VA 24061 


Abstract -The finite element method is applied to the 
analysis of electronically operated permanent magnet 
type synchronous machines. In this class 0 / machines, 
the armature MMF is a discretely forward stepping one 
of high harmonic content. The discretely stepping MMF 
is accounted for by a series of finite element field 
solutions as the rotor moves throughout one complete 
cycle of the ac armature current. Because of the 
discretely forward travelling MMF, a series of finite 
element grids depicting the rotor at various equally 
spaced locations, covering its movement during one 
cycle of the armature current, is required. This is 
accomplished by means of an automated algorithm for 
generation of the required finite element grids. This 
allows one match any stator grid to any rotor grid 
for any given displacement between the two grids. 

This matching is done in the air gap region by fitting 
it with a suitable row of triangular elements. In 
addition, a permanent magnet model is developed based 
upon the magnet geometry and material properties. 

This method was applied to the analysis of a 15 hp 
samarium cobalt machine at both rated and no load 
conditions. The calculated results were in excellent 
agreement with search coil measurements at both of 
these operating conditions. These solutions were 
then used to determine the midgap EMF waveforms. 

The calculated midgap EMF was In excellent agreement 
with an oscillog am of the actual EMF in both wave- 
shape and magnitude. The core losses at rated and no 
load conditions were also determined on the basis of 
this field analysis and found to be closer to test 
results than those calculated using standard design 
calculation procedures. 

I NTRODUCTION 

Electronically operated permanent magnet type 
synchronous machines are finding increasing use in 
actuation, machine tool drives, vehicle propulsion, 
brushless excitation systems for large turbine genera- 
tors, as well as other applications. In this class of 
machines, the armature MMF is a discretely forward 
stepping one of high harmonic content. 

A review of the literature reveals that the bulk, 
if not the totality, cf previous investigations of 
magnetic fields In synchronous machines, using 
various numerical techniques, was directed towards the 
study of large synchronous generators cf the cylindri- 
cal and salient pole rotor type. 1-7 Also, Erdelyi et 
al lf) have investigated the ripple effect on the flux 
picture due to the movement of rotors versus stators in 
brush type dc machines. In these investigations, clas- 
sical synchronously rotating, or stationary MMF con- 
cepts were used. That is, the MMFs due to the armature 
and field were considered stationary with respect to 
each other for a given load condition. 


Thiw, however, is not the case for electronically 
operated synchronous machines with nonsinusoidal arma- 
ture currents. In this case, the field is no longer 
smoothly rotating, but rather a discretely forward 
stepping one. Hence, the classical approach mentioned 
above is not applicable. Therefore, a new approach, 
based on a series of finite element solutions, is 
introduced. In this approach, the stepping 
MMF is accounted for by a series of field 
solutions over one complete ac cycle of the armature 
current. This series of solutions corresponds to 
equally spaced rotor positions over the ac cycle. Based 
on the resulting series of solutions, a number of impor- 
tant performance characteristics are calculated. These 
calculated characteristics include core losses, eddv 
and hysteresis, in which minor loop effects due to 
distorted flux density profiles are included. These 
calculations include midgap flux density waveforms, 
induced midgap EMFs in the armature, magnetization and 
demagnetization patterns in the permanent magnets, as 
well as other parameters. 1 ^ 

Further use of this type of field analysis in the 
determination of key machine parameters for purposes of 
dynamic simulation of machine-power conditioner inter- 
action is given in a companion paper. ^ It is shown in 
reference (14), how helpful such a magnetic field model 
is, in the prediciton of machine performance in the 
absence of actual hardware for physical testing. 

SYSTEM D E SCRIPTION 

The method of analysis presented here is applied 
to a three phase, 15 hp, 7600 rpm,l20 volt, 4 pole elec- 
tronically operated samarium cobalt permanent magnet 
synchronous machine. This machine is fed by a transis- 
torized power conditioner. The machine-power condi- 
tioner unit is shown in Figure (1). 



Figuie 1. Machine-Power Conditioner Unit in its Final 
Form 


A schematic diagram of the combined machine-power 
conditioner unit is depicted in Figure (2). The power 


81 WM 179-1 ' A paper recovnended and approved by the conditioner consists of a two quadrant hysteresis type 
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February 1-6, 1981. line current which feeds the inverter-converter bridge. 
. Qfln This is equivalent to controlling machine torque. The 

1 raade ^^ble bridge converts the dc current Into three phas* ac 
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current* of approximately rectangular shap* as ideal- 
ized In Figure (2). Notice that during one complete 
cycle, there are six switching or current states. The 
switching from state to state is controlled by a rotor 
position sensor mr jited on the motor shaft. The rec- 
tangular current block*, produce a discretely stepping 
stator (armature) MMF wave in the air gap as described 
next. 




State? 1234561 

Figure 2. Machine-Power Conditioner Schematic and 
Idealized Phase Currents. 

REPRESENT AT ION OF THE DISCRETELY STEPPING ARMATURE MMF 

The behavior of permanent magnet synchronous 
machines with discretely stepping (or nonunlformly 
rotating) armature ftIFa becomes clear upon examination 
of the electromagnetic interactions inside such a 
machine. Figure (3) gives a cross sectional view of 
the 15 hp machine described earlier. Included in this 
figure are the locations of the individual phase 
windings. A, B, and C in the fractional aloe stator 
core. 



Figure 3, Machine Croee Section View with Location of 

Three Phase wlndl “«n|MQINAL PAGE It 


Using this spatial distribution of the phase 
windings in conjunction ui*h the idealized phase curr? ’ts 
given in Figure (2) , one obtains the spatial distri- 
bution of the armature MMF for selected points, over 
one complete ac current cycle. Each current cvcle 
consists of six states as mentioned earlier. At the 
beginning of each state , during the motoring mode, the 
stator MMF leads the rotor MMF by 120 electrical 
degrees in the direction of rotation. This angle 
decreases at the end of the same state due to rotor 
motion *nd the fact that the armature MMF remains 
stationary during a state. At the end of such a state, 
the rotor position sensor signals the power conditioner 
to initiate the next current state. This produces a 
60 electrical degree forward jump (or step) of the 
armature MMF in the direction of rotation. At this 
point, the two MMFs are again separated by 120 electri- 
cal degrees. This process is reputed six times over 
each ac current cycle. These repetitive, discrete 
armature MMF jumps lead to a machine operation which is 
analogous to a conventional synchronous machine 
operating with a variable torque angle that fluctuates 
between 120 and 60 electrical degrees six times in one 
ac cycle. Such operation would produce a pulsating 
torque profile , 

To simulate the electromagnetic interactions 
during these current states, the location of the rotor 
with respect to the stator must be determined. Figure 
(5) depicts the currents in**de the stator slots at the 
beginning of the first state. The resulting spatial 
distribution of the armature MMF is given immediately 
bslow the stator slots in the same figure. Notice that 
this waveform is unsytanetrical due to the fractional 
slot winding. The position of the rotor magnetic (MMF) 
axis lags by 120 electrical degrees at the beginning of 
this state as shown in Figure (4), while at the end of 
the same state, this angle reduces to 60 electrical 
degrees as shown In Figure (5), Figure (6) shows the 
beginning of the next state. 

In order to adequately represent the stepping 
nature of the magnetic field picture inside t,hi9 
machine, thirty field solutions, spanning one ac cycle, 
were obtained using the method of finite elements. 
Consequently, each of the six current states is repre- 
sented by five solutions. The Implementation of these 
solutions requires the ability to rotate the rotor 
finite element grid with respect to the stator grid. 
Details of this process are given next. 

GENERATION Of MACHINE FINITE ELEMENT CRIPS 


The thirty field solutions mentioned above requite 
thirty different finite element grids. Generation of 
these grid? manually would be extremely tedious because 
of the complex topologies involved and the fact that all 
four pole pitches must be Included due to the free clonal 
slot winding in this case. 

The scetor grid la generated automatically by 
means of s generalized stator slot pitch module as 
shown in Figure (7), The rotor grid is generated in a 
similar manner using the generalized rotor pole module 
given in the same figure. These modules are totally flexible 
in the sense that ell major geometrical dimensions can 
be specified at will. Furthermore, thw number of 
stator and rotor modules In a given grid Is completely 
controlled by the user. This allows one to model 
either s single pole pitch or the entire machine cross 
section If required. 

The finite element gride for the thirty field solu- 
tions are generated by fixing the stator grid with res- 
pect to the coordinate axea end rotating the rotor grid 
with respect to the stator for the thirty positions,. 
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At each position the rotor and stator grids ate joined 
together in the air gap bv means of a row of elements 
that is uniquely determined for each position by means 
ct an air gap fitting algorithm, details of which are to 
c>e found in Appendix (A) . It must be emphasized that 


the stator and rotor grids are generated onlv once during 
this sequence of solutions. The stepping of the rotor is 
accomplished by rotation of the nodal coordinates that 
form the rotor grid. However, the element equations 
that represent the rotor and stator portions are in- 
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Fig. 4, Spatial Distribution of Stator and Rotor MMFs 
at Start of State (1) 
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Fig. 5. Spatial Distribution of Stator and Rotor MMFs 


at End of State (1) 
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Fig. 8. r inite Element Grids at Start of State (1) 



Fig. 9. Finite Element Grid* at End of State (1) 

variant to this angular displacement (or stepping) and 
hence are calculated only once. This count ere locltwlr ’ 
rotation of the rotor grid versus the stator is clearly 
shown in Figures (8) and (9) which depict the rotor 
positions at the beginning and end cf state number one, 
respectively. In the next section, a magnet model 
applicable to the linlte element method is derived. 

This model is based upon the magnet geometry and 
material properties. 

PERMANENT MAGNET HOPE! 


Fig. 6. Spatial Distribution of Stator and Rotor MMFs 
at Start of State (2) 



Fig. 7. Finite Element Grid of a Stator Slot and a 
Rotor Pole Pitch Modules 


A permanent magnet model suitable for use with the 
finite element method it derived In this section in 
terms of the magnet geometry and material properties. 
Consider the simple magnetic circuit consiating of a 
permanent magnet in series with an iron core and air 
gap, as shown on the left side of Figure (10). If one 
neglects the WMF drop in the iron core, the operating 
point of the magnet is obtained from the Intersection 
of the magnet's normal demagnetization characteristic 
and the air gap line. This intersection is marked by 
point #1 on the right side of Figure (10). Inclusion 
of the magnetic saturation in the Iron core (that is, 
the Jttf drop in the Iron), shifts the operating point 
to point #2 as shown in the figure. 

This magnetic circuit can be replaced by an equi- 
valent circuit consisting of a coll In series with the 
same iron core and u»t gap. This coll has the samo 
dimensions and magnetization profile as the magnet. 
However, the Intersection of this profile with the H 
(field Intensity) axis is shifted from the polr*t, -He 
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Fig, 10. Operating Point of a Magnetic Circuit 
Containing a Permanent Magret 

(coercivity), to the origin, Figure (10), The ampere 
turns, NI, of this equivalent coil are obtained by 
multiplying the neight of the magnet in the direction 
of magnetization, hpjj, by tht coercivity, H c , in the 
case of rectangular shaped magnets. 


Rated Load Case 

Under rated load condition a number of field solu- 
tion^ ia lequiled ful -at_h of the i>ix lUCea in mV -u 
' , ycle. Five solutions per state were found adequate. 
That is the rated load condition was simulated by 
thirty field solutions, which cover one complete ac 
cycle, in order to include the effects of the stepping 
armature MMF. These solutions are later used to deter- 
mine the core losses in the stator lamir.atf Three 

of these thirty field solutions are depir. 'in- 

ures (12) through (14), by mean9 of maa* „ e 
potential contours, corresponding to ti .agirni n*. 
middle and end of state number one res w ct ive! •• . I 
assumed all along in these solutions that magnetos tatic 
field formulation holds in spite of any r.inor rdd; cur 
rent disturbance caused by the sudden stator 'IMF jumps. 

The radial air gap flux density waveforms for the 
beginning and end of state number one are shown In 
Figures (15) and (l r ), respectively. The effect of 
the slot openings and the rotor movement are clearly 
visible in these figures. The radial air gap flux 
densities are used later in this paper to generate the 
phase midgap EMF profiles. 


For nonrectangular magnets, such as the one shown 
in Figure (11), modifications to the above mentioned 
approa h are required. The curved portions of such 
magnets are represented by a series of infinitely thin 
rectangular layers which approximate this curve In a 
staircase fashion. This yields tha continuous current 
sheets shown also in Figure (11). This technique has 
been successfully applied to the 15 hp machine in- 
troduced earlier. The accuracy of this approach Is 
verified later in this paper by means of search col) 
flux and flux density tweasurements, under both rated 
and open circui r conditions. Calculated and oscillogram 
wave formes of the midgap EKFs were aleo In agreement 
both in shape and magnitude as will be shown later in 
rhis paper. 




Fig. ll. Equivalent Representation of Samarium Cobalt 
Magnet of the 15 HP Machine 


No Load Case 

The field distribution and radial air gap flux 
density waveforms *t no load were obtained for eight 
equally spaced rotor positions spanning one stator slot 
pitch of 24 mechanical degrees. Covering only one slut 
pitch during no load operation is sufficient to accu- 
rately account for the effects of flux pulsations due 
to slotting. 

The field distribution inside the machine, at the 
first of these eight rotor positions, U given In 
Figure (17). The corresponding radial air gap flux 
density profile is given In Figure *18). This profile 
is used to determine tne no load (or open circuit; b a« k 
EMF waveform later in this paper. 

S EARCH COIL VE RI FICATION RES CL IS 

The machine, analyzed in the previous section, 
was constructed with two search colls for flux measure- 
ments. One of these coils was wrapped around a stater 
tooth near the air gap to measure the average tooth 
flux density. The ocher coil was wrapped around three 
teeth in order to give an approximate value of the 
total flux per pole. The exact flux per pole can not 
be measured by such means in tills machine due to the 
fractional slot winding. 

The induced search coil voltages under rated and 
no load conditions were recorded by an oscilloscope. 
These voltages were then Fourier analyzed and integrated 
Co yield flux profiles,^ The flux profile, of the 
coil around one tooth, was subsequently divided by the 
cross-sectional area of the tooth stem yielding the 
average tonth flux density waveform. 


FINITE ELEMENT SPLIT IONS OF THE 15 HP ftAJHIME 

The automatic grid generation process and the mag- 
net model were applied to the analysis of the elec- 
tronically operated 15 hp samarium cobalt permanent 
magnet synchronous machine. The no load and rat ad load 
field distributions were obtained by means of the 
finite element method for two dimensional nonlinear 
magnetostatic field problems. The nonlinear algebraic 
equations were solved by the Newton Raphsr .* ilgo- 
rithmP»9,10 Furthermore, these results at a used to 
calculate core losses and beck EMF waveform luring 
both no load and rated load operation. 


The average tooth flux density profiles, based on 
search coll measuramer.'.s a: rated and no load, are 
given by the solid line curves tn Figures (19) and (20) 
respectively. The corresponding finite element calcu- 
lated flux densities in tach of the fifteen teeth are 
Indicated by the circled points. These flux densities 
were calculated by averaging the elemental radial f ' ux 
densities in the lover tooth sterna. Examination of 
these figures reveals excellent agreement between 
measured and calculated results. 
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Fig. 15. Mid-Cap Hadi.il Flu* Density Waveform at Rated Fig. 18. Mid-Cap Radial Flux Density Waveform at No 
Load, Start of State (1) Load 
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The measured profiles of the total flax passing 
through the search coil that spans three teeth are 
riven by the solid line curves In Figures (21) and (22) 
for rated and no load operation respectively. The 
corresponding finite element flux values are indicated 
by the circled dots in the figures. These points were 
obtained by calculating the total flux passing through 
fifteen consecutive sets of three teeth. That Is, flux 
in teeth (1,2,3), flux in teeth (2,3,4), . . , , and flux 
in teeth (15,1,2), Examination of these figures 
reveals excellent agreement between measured and calcu- 
lated results. 



Fig. 21. Flux Through Thrss Consecutive Stator Teeth at 
Rated Load 



Fig. 22. Flux Through Three Coneecutive Stator Teeth at 
No Load 


This agreement between search coil measurements 
end the finite element results confirms the villdlty 
of the magnet model for this class of machines. Such 
accurate values of local flux danalties and total flux 
are necessary for the precise determination of core 
losses and midgap EMF waveforms, respec tivsly . Tne 
calculation of tnese parameters Is discussed next. 

CALCULATION OF THE MIDGAP EhF UaVE /ORH 

The midgap EMF wave forme during rated and no lose 
operation were obtained from the finite element solu- 
tions given earlier. The starting point for thl* cal- 
culation Is the radial air gap flux density distribu- 
tion. This distribution Is represented by a Fourier 
series as follows: 

Jh 

B o (8) • l [a. sln(h0) ♦ b. cosfhl) J <1, 

* h-l “ " 

where: B^(6) Is the radial air gap flux density 

d Is the space angle (electrical degrees) 
h is the harmonic order 
N Is the total number of harmon'*- ; 


vuLutrti of Lhe Film it*i '1)^; - 

ficients corresponding to the* set of rotor 
positions per state. 

The harmonic components of the flux per pole, ^ , are 
then calculated from the machine geometry and the air 
gap flux density, equation (!), as follows: 

2 

Pj * — [a^slnfhd) + b^eos(h0)J/h (2) 


where: l is the effective machine length 'stator axial 
length times stacking factor) 
x p la the pole pitch at mid air gap 

Once the harmonic flux per pole is known, the midgap F.MF 
waveform, e p h, is obtained from the time race of change 
of this flux in conjunction with the harmonic winding 
factors, , and the number of series turns oer phase, 
Tph, as follows: 


r h d *h 
e - -T . I k -r 51 
P h ph h f l w h dt 



Fig. 24. Midgap EMF Per Phase at Mo Load 



Fig. 25. Measured EHF Per Phase at No Load 'Open Cir- 
cuit Peak Voitage • 63.5 V) 


The midgap EMF profiles for the 15 hp machine at 
rated and no load wire calculated using t'l» procedure 
at a speed of 7750 rpm. The rated and no load midg/ip F^F 
profiles for these condition! are given In Figures (23) 
and (24), respectively. These waveforms Include all 15 
harmonics u« o analyze the radial air eao flux den- 
sity waveforms Trie measured EMF waveform per phase 
(open circu * #.*) at no load at a speed of 7750 

rpm la given m • oscillogram of Figure (25). Com- 
parison of r . r*w irad EM75, figura (24) and ,25), 
reveals excellent agreement In both waveshape and 
magnitudes (within 2.2Z). The EMF profiles are near 1 ’ 
sinusoidal due to ;he fractional slot winding. As 
expected, ttt mid gap EMF under load drops from its no 
load value due to the demagnetization effect of the 
armature reaction. However, this dcop In the EMF Is 
very alight because of the properties of samarium jobalt 
magnets which hnve a permeability close to that of air. 
That Is, armatur demagnetization is almost iiegllgiHe! 
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These midgap EMT waveforms are used in a network 
model of this machine-power conditioner unit as 
described m a companion paper. ^ This model is used 
to simulate the dynamic interactions between the 
machine ana its associated solid state power condi- 
tioner. A further application c: these field solutions 
for the determination cf core losses is given next. 

: AL. ELATION OF HYSTERESIS AKP ESPY CURRENT CORE LOSSE S 

Due to the nature of the magnetic fields in this 
tlass of machines, flux density variations with time in 
mam regions of the stator laminated core are not sinu- 
soidal, out rather highly distorted waveforms with 
considerable harmonic content. ThU is particularly 
tne case near the tooth tips. Uncer such conditio: 
an actual flux density waveform (radial and tangential 
components) m the various parts of the stator lamina- 
tions must be used to obtain a better estimate of the 
core losses. 

One of the salient advantages of using the finite 
element method in this analyses is that one can obtain 
the flax densitv profile in >ach part of the stator core 
over a complete cycle of the armature current, including 
the iifluer.ee of the switching pattern of the given 
power conditioner to which the machine is connected. 
Using the 30 finite element solutions described earlier, 
rhe radial and tangential flux density prof lies over one 
complete ac cy^Ie of the rated armature current is ob- 
tained for each of the twenty four iron elements in one slct 
pitch module, Figure (7). Three of these flux density pro- 
files are given in Figures (26) , ( 27 ) and (28) for elements 
located in the tooth tip, in the tooth stem, and in the 
core, respectively. Notice that all of these profiles 
are ncnsinusoirial. Also, notice the flux density in 
the tooth stem is essentially radial, as expected, 
while in the core it is mainly tangential. 

A similar procedure was followed to obtain the flux 
densitv profiles m these elements at no load. For a 
given no load solution the tangential and radial flux 
density values are determined in each element of a 
given slot module and its corresponding sister elements 
in ail other modules of the core. These fifteen flux 
density values are distributed with a shift of one slot 
pitch from one another. This process is repeated for 
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Tii, 2b. Flux Density Profile in the Stator Tooth Tip 
at Fated L >ad 

uac h of the eight no load solutions in which the rotor 
>ns shitted in equal s>teps over a stator slot pitch as 
described earlier. Ibis is in order to assure accurate 
riux density pro f iles. 
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Fig. 27. Flux Density Profile in the Stator To^th Stem 


at Rated Load 
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Fig. 28. Flux Density Profile in the Stator Core at 
Rated Load 


The combined eddy and hysteresis losses per unit weight, 
vt, can be expressed as follows: 


w - w + w t 
t e h 


(A) 


where v e is the eddy current loss component given by 

V • < 5 > 

and is the hysteresis loss component defined by 


k, c,fB a 
h 2 p 


( 6 ) 


The value of the peak flux density. Bp, in a given 
element in the core is obtained from the flux density 
profile of that element such as shown in Figures (26)- 
(28). The frequency, f, is the fundamental frequency 
of this waveform (or profile). The constants 
and q are determined from the Epstein loss characteris- 
tic for the given lamination, which is based on 
sinusoidally time varying flux densities. This loss 
characteristic can be expressed mathematically as a sum 
of the eddy and hysteresis components as follows 


w - c^fV + c 2 fB a (7) 

The correction factors R* and kh in equations (5) 
and (6), which account for the effect of distortion of 
the flux density waveform are determined on the basts of 
harmonic flux density magnitudes and flux density rever- 
sals, respectively, as outlined in a method successfully 
introduced by Lavers, et al.^* 12,13 


The hysteresis and eddy current core losses at 
rated and no load are calculated using these flux 
uensitv profiles and the measured Epstien loss curves. 


The method outlined above was applied to the 15 hp 
machine given earlier. The resulting core losses under 
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raced and no load conditions are given in Table (1) for 
a speed of 7750 rpm. Also given here is Che core loss 


U_ 1 

Finite Element 
Calculation 

ri v Test 

^ ign rotal 

Calcu-^ ore 

Rated Load 

No Load 

iation|Lossesl 

£ddy current loss(watts) 

121.5 

124.5 

— 

Hysteresis loss (watts) 

70.3 

70.5 


{Total core loss (watts) 

191.8 

195.0 

[136.5 330 


calculated by standard design techniques that account 
only for the fundamental component of flux density. It 
must be noted that the core losses obtained from testing 
actual machines are generally 1.5 to 2.0 times higher 
than those calculated values. This is due to interlami- 
nations short circuits resulting from the high pressure 
applied to stator cores to improve the stacking factor, 
etc. Reference (15) contains detailed explanations of 
this phenomenon. One must notice from Table (1) that 
the finite element based core loss values are much closer 
to test than those give n by sta ndard design calculations. 



W/SQ.IN. 3.3 

Fig. 29. Core Loss Density Distribution at Rated Load 



O.o W/SQ. IN. 4.J 

Fig. ’0. Core Loss Density Distribution at No Load 

Figures (29) and (3o) show the total core loss 
density distributions under both rated and no load con- 
ditions, The regions of high loss densities are easily 
visible in these plots and are, as expected, in the 
tooth tips and in the tooth stems near the stator core. 
Notice also the shift in the position of these regions 
under rated load conditions due tc armature reaction. 
This type of distribution may be used as input data to 
a thermal analysis program for design calculations and 
optimization. 


CONCLUSIONS 

The essential components of a finite element model 
for the simulation of the elect romagnelie performance 
of electronically operated permanent magnet synchronous 
machines were introduced. These included a model for 
simulating permanent magnets, based upon geometrical 
and material properties, and a generalized automatic 
finite element grid generator which allows rotation of 
any rotor versus any stator grids. The stepping nature 
ot the armature MMF was accounted for by taking a 
series of field solutions corresponding to the movement 
of a rotor during one cycle of the armature current. 

This approach was applied to a 15 hp samarium 
cobalt machine. The rated and no load field solutions 
for this machine were verified by means of flux and 
flux density measurements obtained from search coils. 
Excellent agreement was obtained in ail cases between 
measured and calculated results. The midgap EMF wave- 
forms were calculated with excellent agreement 
between numerical and corresponding test results 
in magnitude and profile. The core losses in the 
stator core were also calculated ^nd were closer to 
test values in comparison to those calculated by 
standard design procedures. The approach given here 
is presently being extended to include the calculation 
of winding inductances for various rotor positions and 
levels of saturation. Machine parameters which were 
calculated on the basis of these field solutions were 
key elements in a machine-power conditioner network 
model which was used to simulate the dynamic inter- 
actions between the electromagnetic and electronic 
parts of such systems as outlined in reference (14). 
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APPENDIX (A) 

The grid fitting (matching) which must take place 
in the air gap to combine the stator and rotor grids, 
at each of these rotor positions, was accomplished by 
means of an algorithm designed for that purpose. This 
algorithm ties the two grids by the generation of a row 
of elements in the air gap region. The unique feature 
of this algorithm is that it is independent of the 
number of rotor poles or stator slots, and can be used 
to match any two FE grids with a common boundary. The 
two node lines shown in Figure (31-A) represent the 
innermost and outermost layers of nodes of the stator 
and rotor grids, respectively. 

The following steps summarize the salient features 
of this algorithm: 

1. The number of nodes along the inner end outermost 
layers of the stator and rotor grids, respectively , ere 
counted. The one with the fewer number of nodes is 
designated side (I) and the other is designated side 
(II) as shown in Figure (31-A). If both sides have the 
same number of nodes, then one side is arbitrarily 
designated side (I) and the other, side (II). 


2. Side (II) is then divided into regions, Rj_, R 2 ,..., 
Rk» which are defined by the nodes of side (I) as shown 
in Figure ( 3T - B ) - 

3. Determine the midpoints of each region. 

A Next those nodes on side ^11* th'**' ^*re ^ i nr. *■ <- 
these midpoints are identified as "pivot," nodes, p^, 

P 2 * • • • t • 

5. Starting with the right-hand most node on side (I), 
one connects this node with the first pivot node on 
side (II), and then to the next node on side (I) and so 
on, in a zigzag fashion. This process is repeated 
until the last node on side (I) is reached as shown in 
Figure (31-C). 

6. The nodes between each pair of pivots on side (IX) 
(if any) are joined with the node on side (I) to which 
these pivots have been connected, as shown in Figure 
(31-D). 

7. If only one pole pitch is simulated, then the two 
nodes at each end of the two sides are connected to- 
gether as shown in Figure (31-D). This completes the 
connection of the two grids. 

8. If the entire machine is represented, as was the 
case here, the two ends meet on the same line, further 
details on the implementation of this scheme as well as 
the automatic machine finite element grid generation 
are to be found in reference (10). 


SIDE <1) 



THE AIR 6AP 

(A) 


SIDE (If) 


— — f- 

A" 1 

— f— ^ 

t 

-4 

■ 

i 

i 

* 1 SIDE (1) 

| | 

. a - ^ 


i 

t i 

• i 

- ' 

i L l : 

& ' 
©pivot 

°k-l 

\ ’ 
(B) 

' d 3 

- r— « V * SIDE (ID 
*2 P 1 ’ 




Fig. 31. Automation of Rotor and Stator Finite Element 
Grid Matching in the Air Gap 
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Discussions 

Stephen H. Minnich (General Electric Corporate Research and 
Development, Schenectady, NY): This paper provides a valuable il- 
lustration of the application of the finite clement method to the analysis 
of an electrical machine of complicated geometry. Of particular value is 
»he demonstration of a method for automatically stepping the rotor 
portion of the finite element grid in angular position to simulate the 
rotation ot the rotor. While the pap~r seems basically well done, the 
following comments arc offered. 

In equation (2), it appears that the sines and cosines should be inter- 
changed in the two terms inside the brackets. If (2) was derived from (1) 
by integrating the flux density to obtain the flux, the sine would in- 
tegrate into the cosine, the vice versa. The authors then proceed to 
derive a quantity called the “midgap EMF” which is compared with the 
“measured EMF waveform”. Was the “measured EMF waveform” the 
terminal voltage, or was it actually derived from a measurement in the 
airgap? The authors say that comparison of Figures (24) and (25) 
“reveals” excellent agreement in both waveshape and magnitudes. 
Clearly this comparison cannot be made by the reader, since (24) has no 
voltage scale, and to the eye both (24) and (25) look sinusoidal. If a 
numerical figure of merit was used on the waveshape to gc: the 
numerical figure quoted (2.2^o), that figure of merit should be describ- 
ed. The authors further state that the “midgap EMF” drops only slight- 
ly under load. A numerical comparison of the calculated value versus 
the measured value at load could have been given, and the term, 
“slightly”, could have been quantified. 

In any event, the “midgap EMF” bears only a quanitative relation- 
ship to the terminal voltage. It is a classical approximation used when 
no further information is available, and is not appropriate to use in pro- 
cessing finite element results. 

Rigorously, the phase terminal voltage is the time derivative of the ar- 
mature phase flux linkages. The flux linkages for any single armature 
turn can be found from the difference between the vector potentials of 
the two conductors forming the turn. The vector potential for each 
(transposed) conductor is the average of the vector potentials over the 
area of the conductor (and clearly must be evaluated in the slot and not 
in the airgap). The total phase flux linkages, for a given rotor position, 
are found by summing the individual turn flux linkages. If the flux 
linkages are thus determined for each rotor position, the time waveform 
of the armature flux linkages is determined, and differentiation of this 
time waveform gives the terminal voltage. The authors had this infor- 
mation available from their stepped finite element solutions, and the 
paper would have been more meaningful, had it been used. 

Further, the finite element solution is two dimensional. While the 
length of the machine is not mentioned, it can be assumed that the 
machine is short enough that end effects are important. Apparently, no 
correction for end effects was attempted. If so, and in view of the inex- 
act estimate of the terminal voltage discussed above, isn’t the degree of 
agreement of the calculated and measured terminal voltages somewhat 
less meaningful than implied in the paper? 

A similar comment applies to the core loss comparison. The fact that 
the present calculated value was higher than a conventional one and 
that the measured losses were even higher is a rather vague justification. 
The coarseness of the core loss profiles indicated in Figures (29) and 
(30) belies much exactitude in calculat.on described. 

The paper remains a valuable illustration of a useful and necessary 
technique in the application of finite elements. This discussor wished 
only to point out a conceptual error in the terminal voltage calculation 
and to mention other objective factors bearing on the comparison of 
the results with test. 


Manuscript received March 2, 1981. 


S. T. Lakhavani (Westinghouse Electric Corp., Pittsburgh, PA): The 
authors are to be commended on their contribution to finite element 
modeling of losses in electric machines. Accurate prediction of core loss 
is important to the electric machine designer particularly for the design 
of high efficiency machines. 

The existence of rotational flux is clear from Figures 12, 13 and 14 in 
the region where the tooth stem joins the stator core. Perhaps the 
authors would like to incorporate estimation of rotational losses in 
regions where these occur. These losses are also known as iron losses 
due to ellipticallv polarized mangetic fields and can be estimated by tak- 
ing the sum of the individual alternating power loss due to the 
magnitude of the major and minor axis flux densities. 1 J Taking rota- 
tional loss into account could lead to further improvement in the 

cra ”“ io " ° r “ rt l0 ”' or mm - mge » 


Some questions for the authors that come to my mind are: 

1. Did you establish bounds on the aspect ratio of the triangular 
elements generated by the air gap fitting algorithm? 

2. Did you use the solution obtained at a particular time as initial 
condition to obtain solution at the subsequent time step? 

3. What harmonics are present in stator tooth tip at rated load (Fig. 
26)? Did your loss calculation take into consideration all har- 
monics? 
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F. A. Fouad, T. W. Nehl, and N. A. Demerdash: We wish to thank the 
discussors Mr. Lakhavani and Mr. Minnich for their interest in the 
paper and for their stimulating questions which help complete the 
record on this work. We will first respond to the points raised by Dr. 
Lakhavani, then to those raised by Mr. Minnich as follows: 

1) Dr. Lakhavani is correct in pointing out that the nature of the 
magnetic field in many regions in the core, particularly those 
where the teeth and yoke join, is indeed elliptic. This considera- 
tion has been taken into account in a manner very similar to the 
procedure described in references (!) and (2) in the discussion. 

2) Dr. Lakhavani raises the point of whetner criteria were establish- 
ed to avoid creation of elements wuh large aspect ratios by the 
airgap fitting algorithm. The design of iht logic of this algorithm 
included provisions which would circumvent the problem m prac- 
tical cases. However, in extreme cases wnere large discrcpency ex- 
ists between the number of nodes on the two sides (boundaries) of 
two adjacent grids, one can not rule out ill cond, uoned (large 
aspect ratio) type elements. This was never encountered in all the 
cases we have solved using this algorithm. 

3) We answer th? second questions (2) raised by Dr. Laxna 'am in the 
affirmative. The solution obtained at a particular roto* position 
(time) was used as the initial condition in obtaining the solution at 
the next rotor position (next instant in time). 

4) Harmonics up to the fifteenth order were of significance in the 
flux density waveform of Figure (26). The loss calculation includ- 
ed the effect of all harmonic components which could be 
calculated with reasonable accuracy based on the number of flux 
density data points used in forming the elemental flux density 
waveforms. 

5) Mr. Minnich is correct in noticing the typographical error in equa- 
tion (I). This equation should read as follows: 


B ('D * L [ .i Cus(h'i) - b. Sin fhtt)]/h (1) 

* 11 h 

6) In response to one of Mr. Minmch’s questions concerning the 
comparison between the calculated and measured emf 
waveforms, we wish to state that the test waveform was obtained 
under no load condition, and represents the no-load phase to 
neutral voltage waveform. For this condition, the flux is almost 
entirely radial through the teeth, see Figure (17), and hence, the 
induced emf can be calculated from the midgap flux with 
reasonable accuracy in that class of machines. This, however, is 
not the case in problems involving large synchronous machines 
with significantly higher degrees of saturation in the teeth. In such 
cases with high saturation one should calculate flux linkages and 
induced emfs from the mean magnetic vector potentials in the 
conductors, as was done earlier in the work of Demerdash, et. al.. 
see references (4) and (5) in the paper, as well as reference (17) 
given below. 

It is worth pointing out thai the peak values of the calculated and 
measured emfs are 62.1 volts and 63.5 volts, respectively The 
calculated value of the emf under load is 60.4 volts. Incidentally, 
all this information is in the paper, see Figures (23) through (2*>). 

7) Mr. Minnich points to the fact that “Rigorously, the phase ■ *r- 
minal voltage is the time derivative of the armature phase flux 
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linkage”. We are well aware of that and as pointed out above 
have used this approach since 1971. However, these emfs 
generated here were intended for further use as forcing functions 
m a simplified machine-power conditioner model (18), in which 
individual machine winding inductances must be represented. 
That meant that the emfs behind these inductances must be used. 
It must be pointed out that this approach gave numerical results 
of machine-power conditioner current and voltage waveforms 
that were m excellent agreement with corresponding test data as 
evidenced in reference (18). Obviously, this approach would not 
be valid in machines with considerable saturation such as tur- 
bogenerators. 

8) With regard to end region effects on the induced emf at no load in 
such machines, our experience confirms that these effects can be 
neglected. Under load, the flux linkage through three teeth (ap- 
proximately a phase belt span) was measured by a search coil, 
Figures (21). Plotted also in that figure are the calculated values 
of flux without end effects, where one can see clearly the agree- 
ment between calculated and measured data. This would not be 
true if end effects were significant as suggested by Mr. Mmmch. 

9) The core loss calculations inherently contain many uncertainties 
due to factors such as interlammaLion shorts, etc. It is generally 
recognized that calculated loss values are usually 50% to 60% of 


measured values, see reference (15). Accordingly, the method in- 
troduced here represents some improvement over previous ef- 
forts. Also, the resulting loss density distribution. Figures (35) 
and (36), are of value to designers m predicting possible locations 
of hot spots. 

Finally, we hope we have responded adequately to all the interesting 
and pertinent questions raised by the discussors. 
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APPENDIX (2) 


ON MAGNETIC FIELD ANALYSIS BY FINITE ELEMENTS 


Fouad, F. A., Nehl, T. W. , Demerdash, N. A., "Permanent Magnet 
Modeling for Use in Vector Potential Finite Element Analysis in Electrical 
Machinery," IEEE Transactions on Magnetics, Vol. MAG-17, 1981, pp. 
3002-3004. “ ' ~ ~ ~ " ' — 
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Abstract - A method for simulation of permanent 
magnet effects on the magnetic field in electrical 
machines is given. The method is suited for use with 
magnetic vector potential numerical models for the 
analysis of magnetic fields in electrical machines con- 
taining permanent magnets. The method was applied to 
the solution of magnetic fields under no load and load 
in two 15HP, 120 volt ferrite and samarium cobalt per- 
manent magnet tvpe brushless dc machines using finite 
elements. Search coil measurements of both flux and 
flux densities in the two machines were used to verify 
the present permanent magnet model. The numerical 
analysis and measurement results of the flux densities 
were in excellent agreement. 

INTRODUCTION 

Previous investigators introduced a number of per- 
manent magnet models for field calculations, some ex- 
amples of these can be found in references (1) and (2). 
Many of these methods contained assumptions which re- 
stricted their use. In this paper, a simplified and 
practical way of modeling permanent magnets for numeri- 
cal field solutions is introduced. The method is appli- 
cable to magnet structures of various geometries and 
materials. 

Experimental verification of the validity of this 
magnet modeling approach was carried out by applying 
this model combined with the finite element method, to 
the analysis of the magnetic fields in two 15HF elec- 
tronically commutated brushless dc machines. These 
machines were designed and built for use in propulsion 
of commuter type electric passenger vehicles. One of 
these machines contains a 6-pole strontium ferrite No. 

8 rotor structure, while the other contains a 4-pole 
18 MGO, samarium cobalt rotor structure. 

PERMANENT MAGNET MODEL 

Consider a simple magnetic circuit which consists 
of a permanent in series with an iron core and airgap 
as shown in Figure (1). If the MMF drop in the iron 
core is neglected, one obtains the operating point of 
the magnet from the intersection of the magnet's normal 
demagnetization characteristic and the airgap line, 
point -71 in Figure (1). Inclusion of magnetic satura- 
tion in the iron core shifts the operating point to 
point #2 as depicted in the figure. 

This magnetic circuit can be replaced by an equi- 
valent one which consists of a coil in series with the 
same iron core and airgap as shown in Figure (2). This 
coil and its core have the same dimensions and magneti- 
zation profile as the magnet. However, the intersection 
of this profile with the H axis is shifted from the 
point, - H c (coerciv Lev ) , to the origin as shown in the 
figure. The flux densities at the operating points H 
and 02 of this circuit would be identical to those of 
the previous magnetic circuit. Figure (1), if the fol- 
lowing relation is satisfied: 

« - "c ■ h pm U) 

where NT is the coil’s ampere-turns (MMF) and h^ is 
the height of the magnet in the direction of magneti- 
zation. 
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Fig. (1) Operating Point 
of a Magnetic Circuit Con- 
taining a Permanent Magnet. 


Fig. (2) Operating Point of 
an Equivalent Magnetic 
Circuit. 


This means that a permanent magnet whose cross- 
section along the direction of magnetization is rectan- 
gular, is magnetically equivalent to a piece of mag- 
netic material, with the same dimensions and B-H pro- 
file, shifted to the origin, that is excited by an 
equivalent current sheet .is shown in Figure (2). This 
current sheet must be oriented such that it magnetizes 
the material in the same direction as the magnetizat ion 
of the original magnet. The value of the MMF of this 
current sheet is given by equation (1). 

Application of this approach must be modified for 
cases where the magnet geometry is nonrectangular such 
as in the examples given next. 

Example (1) : 

Consider a nonrectangular magnet, such as the one 
shown in Figure (3-A). To apply the above method to 
such a magnet, the curved portion is approximated by \ 
finite number of thin rectangular layers in a staircav' 
fashion, as shown also in Figure (3-6). The values at 
the MMFs on each side of these rectangular layers can 
be obtained as described above. If one increases the 
number of these layers to infinity, the magnet model 
will consist of two pairs of current sheets as shown in 
Figure (3-C) . 

Example (2) : 

In this example, the permanent magnet is tangen- 
tially oriented with a trapezoidal cross-section as 
shown in Figure (4-A) . The equivalent system of uurn-ni 
sheets for this type of magnet can he approximated bv 
dividing the trapezoidal shape into a series of thin 
rectangular layers as shown in Figure (4-B). The ovir- 
all effect of the simultaneous presence of all these 
current sheets leads to a cancellation process at the 
interfaces from layer to layer with only a residual ■ :r~ 
rent sheet left to represent the difference between the 
current sheets of two adjacent layers. Figure (4-C). 

The final configurations of che equivalent current 
sheets, when the number of these layers reaches inflmtv, 
is shown in Figure (4-D). 

One must notice that in this modeling approach, tin* 
current sheet equivalents are independent of the number 
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Fig. (3,i Equivalent Repre- 
sentation oi a Composite 
Shape Radially Oriented 
Magnet. 


Fig. (4) Equivalent Repre- 
sentation of a Trapezoidal. 
Tangentially Oriented Mag- 
net. 


Radial flux densities in stator tooth stems closest 
to the airgap were measured by search coils , and the 
corresponding waveform is given in Figure (7). Also, 
plotted in the same figure are the corresponding radial 
flux densities calculated using the present magnet 
model. It is clear from this figure that the mea- 
sured and numerically obtained flux densities are in 
close agreement. 



APPLICATION OF THE MAGNET MODEL 
TO FRACTICAL PROBLEMS 


Fig. (7) Experimental and Digital Results of 
the Average Tooth Flux Density it No Load of 
the Ferrite Magnet Machine. 


The model detailed above yields current sheet equi- 
valents of permanent magnets. These current sheet equi- 
valents can be converted to nodal currents on the outer 
boundaries of these magnets in any finite element (4) or 
Unite difference (b) magnetic field simulation. Ac- 
cordingly, this model coupled with the finite element 
mot hod was used in the calculation of the field distri- 
•uit ions inside thi two permanent magnet brushless dc 
in i* in lies mentioned earlier, under no load and load con- 
•Ji'innf.. Tin nonlinear partial differential equation 
governing the* field*, in these machines is (3, 4): 


whore A and .1 are the z components of the magnetic vec- 
tor nntenti.il (MVP), and current density, respectively, 
wnil* v' u the nonlinear material reluctivity. 

No Load Cas e 

The brush, less dc machine with strontium ferrite 
N> . 8 magnet r : A suitable finite element (FE) dis- 

< r*. iizat inn of the cross-section of this machine is 
snoiTi in Figure (5). The no load magnetic field dis- 
' Ibution was determined and is depicted by the equal 
) d contours of Figure (6). 


The Load Case 

Under load, one must inject armature phase cur- 
rents in these finite element grids at stator slot lo- 
cations according to the actual phase belt distribution, 
as detailed in a previous paper by these authors (5). 

The stator currents are directly related to, and elec- 
tronically controlled by the rotor position as explain- 
ed in references (5), (6) and (7). It must be pointed 
our that proper design of these machines requires that 
the armature MMF (reaction) be weak in comparison with 
the equivalent magent MMF to avoid permanent magnet de- 
magnetization (8). 

Accordingly, the magnetic field distributions un- 
der rated load conditions in the ferrite and samarium 
cobalt machines mentioned above were calculated and are 
depicted by the equal MVP contours of Figures (8) and 
(9). Comparison between the calculated and search coil 
measured radial tooth flux densities in both machines 
under rated load are given in Figures (10) and (11) for 
the ferrite and samarium cobalt cases, respectively. 
Close agreement between measured and calculated densi- 
ties are evident. This confirms the validity of this 
magnet modeling approach under load for the two magnet 
types. 



} . (S) Finitt* Element 
t.rid ot the Ferrite Magnet 
Machine. 


Fig. (6) Flux Distribu- 
tion at No Load of the 
Ferrite Magnet Machine 



Fig. (8) Flux Distribution Fig. (9) Flux Distribution 
at Load of the Ferrite at Load of the Samarium 
Machine. Cobalt Machine. 
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Fig. (10) Average Tooth flux Density at Load 
of the Ferrite Machine. 
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Fig. (11) Average Tooth flux Density at Load 
of the Samarium Cobalt Machine. 
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for Design Purposes of Magnetic Fields in Turbo- 
generators with Symmetrical and Asymmetrical Ro- 
tors - Parts I and II", IEEE Transactions on Power 
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A permanent magnet model suited for use with the 
two dimensional magnetic vector potential finite ele- 
ment method was presented in this paper. This model is 
simple to implement in practical problems in the form 
of equivalent current sheets. These current sheets are 
functions of magnet geometries and material character- 
istics. This magnet model has been used in the numeri- 
cal solution of the magnetic fields in two machines 
with ferrite and samarium cobalt magnets. The compari- 
son between the search coll test and numerically ob- 
tained flux densities reveals the validity of this mag- 
net model in the calculation of the magnetic field in 
such machines under no load as well as load conditions. 


[1] 

( 2 ] 

[3] 
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APPENDIX (3) 


ON CALCULATION OF MACHINE WINDING INDUCTANCES 
BY ENERGY PERTURBATION AND FINITE 
ELEMENT METHODS 


Nehl, T. W. , Fouad, F. A., and Demerdash, N. A., "Determination of 
Saturateu Values of Rotating Machinery Incremental and Apparent Indu- 
catances by an Energy Perturbation Method," IEEE T ransactions on 
Power Apparatus and Systems , PAS-Vol. 101, 1982, pp. 4441-4451. 
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DETERMINATION OF SATURATED VALUES OF ROTATING MACHINERY INCREMENTAL 
AND APPARENT INDUCTANCES BY AN ENERGY PERTURBATION METHOD 

T. V. Nehl, Member F. A. Fouad, Member N. A. Demerdash, Senior Member 

Virginia Polytechnic Institute and State University 
Blacksburg, VA 24061 


Abstract - Energy and winding current perturbations 
form the basis of a method for calculation of the satu- 
rated apparent and incremental inductances of rotating 
machinery as functions of rotor position and machine 
winding excitation currents. The method is totally gen- 
eral and utilizes numerical field calculation techniques 
in obtaining stored energy in the magnetic circuits of 
such machines. Thus, it can be applied to a wide class 
of machinery with practically any cross-sectional con- 
tours and number of windings. It can be used at any 
given set of excitations (any loads). This method was 
applied to the calculation of the apparent and incre- 
mental inductances of a 15 hp samarium cobalt permanent 
magnet synchronous machine. The necessary numerical 
field solutions were obtained by finite elements at both 
rated and no load conditions. The calculated induc- 
tances, at various rotor positions, were compared with 
those obtained during laboratory measurements and the 
agreement between calculated and measured values was 
consistently very good. The advantage of this method 
over the more traditional calculations of only the 
direct and quadrature axes inductances (or reactances, 
including transient and subtransient components) Is that 
the entire n ' n matrix of incremental inductances that 
truely govern the dynamic performance of an n winding 
machine can be determined regardless of the validity of 
a rotating d-q-o frame of reference. 


INTRODUCTI ON 

The accurate calculation of machine winding appar- 
ent and incremental inductances and their variation with 
saturation and rotor angle is crucial to the dynamic 
analysis of such devices. This is especially true in 
the case of electronically operated machines * , 

which are often characterized by nonsinusoidal current 
wave forms , and consequently nonsinusoidal MffK waveforms. 
These MMF waveforms often move in discrete jumps rather 
than the familiar uniform rotation when sinusoidal cur- 
rents are involved Such machines are finding in- 

creasing acceptance in many applications. 

Previous investigations have centered almost ex- 
clusively on the calculation of saturated values of the 
steady state and transient reactances such as the 
direct and quadrature synchronous reactances, etc., see 
references [5] through [9], [18]. Such reactances are 
useful when both the machine currents and MM*’ are sin- 
usoidal, in which case one can resort to a uniformly 
rotating d-q-o frame of reference for machine modeling 
{ 10,11 However, with the rapid increase in the use 
of elect : n r.irallv operated machines, the currents and 
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MMFs are no longer sinusoidal in many cases, and the 
armature MMF no longer rotates uniformly but rather 
jumps in discrete steps. Therefore# the concept of a 
uniformly rotating d-q-o frame of reference, and its 
associated direct and quadrature reactances is ill 
suited. This is due to the fact that the relative 
angular position of stator MMF with respect to the 
rotor d-axis is cyclically alternating between upper 
and lower bounds (equivalent to a pulsating load 
'torque) angle). These bounds are set by the phase 
current commutation timings. Also, in such electroni- 
cally operated machines the time rates of change of 
currents (di/dt) are much higher than those encountered 
in conventional ones, because of the fast (high fre- 
quency) electronic switching Involved. Accordingly, 
in order tc predict accurately the dynamic behavior and 
performance of such machine systems one must have accu- 
rate knowledge of values of the self and mutual incre- 
mental (dX/di) machine winding inductances, rather 
than the apparent values (A/i). This is because in- 
ductive voltage terms (dX/dt) encountered in such 
machine models can be readily expressed as [ (d > /d i ) 
(di/dt)] when saturation is an important factor. 

The crucial rcle played by such machine inductances 
is demonstrated in references [8,14,15] in which the 
performance of a 15 hp ferrite permanent magnet machine 
was analyzed for two different winding configurations 
(inductances) corresponding to 12 and 9 series turns 
per phase. For the winding with 12 series turns, the 
maximum power attainable at the rated speed and voltage 
was only 4 hp. Reducing the number of series turns by 
three to a total of 9 turns and modification of slot 
configuration reduced the machine inductances drastical- 
ly. This permitted an increase in the peak horsepower 
output capability of that machine to over 34 hp for the 
same supply voltage. This example clearly illustrates 
the need for accurate knowledge of such Inductance 
values during the design stage. 

In this paper, an approach for accurate calculation 
of the apparent and Incremental self and mutual induc- 
tances of rotating machinery in terms of saturation 
level and rotor angle is given. This approach is baaed 
on the perturbation of the magnetic field distribution 
inside the machine for a given set of winding currents 
(saturation le^el) by means of small current Increments 
(perturbations). The magnetic field distributions and 
the energy perturbations due to such current increments 
are determined by means of the finite element method. 

For a machine with n windings, this method is used to 
determine the complete (n * n) inductance matrix for 
each set of specified winding currents and rotor angle 
(position). By obtaining these inductsnces for a series 
of current sets spanning one complete ac cycle of oper- 
ation, one can calculate the variation of these induc- 
tances during both normal and abnormal modes of opera- 
tion. 

To experimentally verify the validity of this 
approach, the inductances of a prototype l r * hp samarium 
cobalt permanent magnet synchronous machine are calcu- 
lated for both no load and rated load operating condi- 
tions as functions of the rotor angle. The calculated 
and experimentally measured values o! inductance were 
found to be in good agreement. 

ENERGY STORED IN MULTI -WINDING ROTATING MACHINES 

Any multi-winding rotating machine conaisting of 
n coupled windi* \» (coils) can be electrically modeled 
in terms of the terminal voltage, v^, the winding cur- 
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rent, i^, and the total flux linkage, 
cuil as follows : 


v 


J 



A j , of the 1th 


( 1 ) 


where j » 1, 2, 3, . . . , n. 

A special case of such a machine with 3 coils on the 
stator and two coils on the direct and quadrature axes 
of the rotor is shown schematically in Figure (1). 



Figure (1) A Schematic of Representation of a Rotating 
Machine with a Three Coll Armature and a 
Two Coil Field Windings. 

Due to magnetic saturation, the total flux linkage 
of the jjth coil becomes a nonlinear function of the n- 
winding currents at a given rotor angle, 9. Therefore, 
one can write 


P i + T ^ nC — J L , + T ^ nC — +. 

J j jl dt j2 dt 


♦ + L 


inc 'j_ 

jj dt 


. di 

-•• +L t nc ^r ' 3I 

jn dt 

The Instantaneous terminal power of the jt_h coil , 
p j , can be obtained by multiplying equation (5) by the 
coil current, ij, that is 




v j h 


i . di di 

R. i. 2 + i I*" c — i + 1 L inc ~ 
J J J 11 « J J2 dt 


•+ i L lnc 

J JJ 


lil 

dt 


. di 

.+ i L lnC ^ 

J jn dt 


lb) 


The first term in this equation, which contains R , 
represents the instantaneous power dissipated in the jth 
coil, while the remaining terms represent the instanta- 
neous magnetic energy storage of the jt_h coil. Accord- 
ingly the stored magnetic energy, w « , due to the flux 
linkage, Aj, can be express id as follows: 


n 

- I 

k*l 


rV« 


(L 


i k (°) 


inc 

jk 


h ) 


di, 


(?) 


Therefore, the total stored global energy, v, associated 
with che entire system of n coupled colls can be writ- 
ten as follows : 


n n t n / 

- r v r { z 

j-i J 1 


l k (t) 


(L 


v°> 


inc 

■jk 


1 j ) 


di, 


k / 


< H) 


If one disturbs the n currents by increments ot 
current, Aij, j - l,2,...n. which are so small that the 
Incremental Inductances, Lt£ c , can be assumed to remain 
constant, one can express the corresponding Incremental 
change, Aw, in the total energy, w, as follows: 


J 


A j 


• x j V 


9) 


( 2 ) 


Accordingly, for the Jth coll, equation (1) can be ex- 
panded using the chain rule as follows: 

aij dij 


“Hi di dA, di 

V m D 1 + -L JL + £ - >• • • X 

j j j n x dt n 2 dt n dt 


di 3A 

•4— — + 

n dt ae dt 

n 


J de 


(3) 


However, for a fixed rotor position the last term 
in equation (3) equals zero because (d0/dt) which equals 
the rotor angular speed would be equal to zero. Hers In 
equation (3) the partial derivative of the flux linkage, 
<4 with respect to a winding current 1^, (k • 1, 2,.. J, 
. ..,n) is the incremental Inductance, ljg c , that 


. inc 

L jk 


JAj 

31 k 


(4) 


Aw 


n t n 

“III 

j-l^k-l 


. inc 
jk 


A 




A1 v 

<V dl k / 


' 9 ) 


Splitting the suasueion in equation (9) into the self 
(diagonal, j * k) term and mutual (off diagonal, j + k) 
terms yields the following: 


u 

4w - [ 

J-i 

( 3 
1 

- u*. 

1 (ij) di 


l J 


n 

f n 4 

,‘k * “k 

I 

j-i 

I C 

l k-l J 

1 <V 




(k*J) 


(10) 


where j - 1, 2,..., n and k - 1, 2,,..,n. Accordingly, 
for a given fixed rotor position, upon substituting 
equation (4) into equatlor (3), one obtains the terminal 
voltage of the jth coil li terms of the incremental in- 
ductance coefficients cs follows: 


In order to numerically perform the integration in 
equation (10), the mean value concept (trapezoidal rale) 
is assumed to prevail regarding the current functions. 
Accordingly, equation (10) can be rewritten in suasution 
form as follows 
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Aw • I u, 41 . ♦ Ai 2 /2) 

I ' ,i 4 ♦ ii /2> it tj 

1-1 k-i J * J * 


TV* relationship prevailing in this case does not 
restr * the applicability of this method in cases 
wWt mutual inductances are not equal. 

.J*** - ■ can write the following: 


Hence , th* total energy stored In the magnetic 
field, incl^d * ng the e& facts of current perturbation, 
that is the n«w (perturbed) global energy, aasoci- 
ated with the set of currents ((i* + Aij), j * 1,2, 
. . . ,n) can be *3 »t ' ear ed a a the sum of J w and Aw of equa- 
tions i8) and <11 v respectively, that it 


a • w + Aw 

CALCULATION OF INDUCTANCE FROK SHERGY m T UgBAj; i Oh 

Since the Incremental inductances, are as- 

sumed to remain constant around the quiescent 
l^(j ■ 1, 2,...n) these inductances sre considers in- 
dependent of the smell variations in ths winding cur- 
rsnts, Ai j (J - 1, 2,...,n) that is: 


“TflyatTy 

*»*“ the global energy, w, calculated at an operat- 
■« ‘ M with perturbed excitation currants, fi^ i , 

2? t Aix), .... i ), be referred to as v(ij t Alj). 
"* let the global tRergy, v, calculated at an oper- 
'* point with perturbed excitation currents, 

• ‘#(ij 1 Aij) , . . , , (i k t Ai^) , . . . ,i n ) , be referred to 

* w(ij t Ai j , i^ ♦ Ai^). Here, j - 1, 2 n and 

Ax * 1 ,2 , « • • ,ft. 

From standard partial difference equations, see 
raference [13], the partial derivatives in equations 
(17) and (20) that define ths incremental Inductances, 

, inc . , Inc . , , 

Ljj and Ljk , can be written in terms of the perturbed 

global energies defined above as follows: 


r - [w(i - Ai ) - 2w + w(i, + Ai )]/(Ai.)“ 

3(4i^; 5 J ' ’ J 


JUlj) v 

Furthermore, the global energy, v, essocleted with the 
quiescent point Is independent of the incremental cur- 
rent perturbations, Ai ,(j - 1,2 n). 

Hence, we have * 


in h 2 ~ 

L Jk “ 3(ii J )3(ii k ) * [W(1 J + 41 j' 1 k + 


Therefore. 


-wUj-Aij, l k >h V 


'(‘j * 4 V *k - 


w tfw d(Aw) S (Aw) /f 

*(Aij) a(Ai^) 3(Ai ) ■ i(U^) (1 

substituting for Aw from equation (11) into equation 
(15) yields the following: 


‘v '-;r * ‘ 5 ' >,! <ih 

WJ> 

Taking the partial derivative of equation (16) with 
reap?et to (Aij) gives 


Furthermore, taking the partial derivative of equation 
(16) with respect to (Ai^) yields 


< L S C * C )/2 




However, for this type of machine, the mutual tud ite- 
rances are between windings of equal number of turns. 
Hencs, even undsr saturation, thaas mutuals are equal, 
that is: 

T inc . inc 

Sk ’ L kj < l9 > 


♦ “Uj - Alj, q - Al k ))/(4 • &l j ■ &i k ) 

IHFLZyWTATIOW OF THE tHIUY PERTURBATION 
HKTHOEFOl lyDUCTAHCI CALCULATIONS 


Tha global atorad magnetic energy v for s given 
set of winding currents (i*. i 2 ,...,i n ) and a given 
(fixed) rotor position, 6,1a calculated by means of the 
nonlinear, two dimensional finite element method as 
described in reference (14) The nonlinear e!*«braic 
equation* that result from the finite element discreti- 
sation are solved using the quedretlcally convergent 
Newton lapheon method. 

The nonlinear finite element solution yields the 
flux density in each triangular elteent of vhe chosen 
grid. Clven t hat# flux densities, one can define the 
operating point along tha Hi curve of each element as 
•hown in Figure (2). Baaed on this operating point one 
can define two values of reluctivity; incremental, v| nc , 
and apparent. vfPP, for each elamt, e, as follows: 


toe . »JL 

• » 


/PP . fi 


'quiescent 


* quiescent 


where the symbol 


indicates that tlv expres- 
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slon is to be evaluated at the quiescent operating point 
of the given element as determined from the nonlinear 
field solution. In general, one can write the follow- 
ing 



However, in the case of linear media (linear 0-H 
characteristic), the two reluctivities <:re equal: 


inc app 

V » v rr 
e e 


(26) 


In order to calculate the Ljj and L 


ujj., incremental 

or apparent inductance values, equations ?2l) and (22) 
are va?,o. However, this requires the calculation of 
the perturbed energlee w(i. i M.) and w(i t Ai , L 
t Al^) issociated with r.he J current Increments tAi and 
t Ai k about tha operating point , ...,1^* 


APPLICATION OF THE ENEPCY PERTURBATION TECH NIQUE 
TO 4 15 HP PERMANENT MAGNET MACHINE 

Tha IS hp samarium-cobalt permanent magnet 9 ynchm- 
noua machine; under investigation as a practical example 
was Duilt as a component cf an advanced electro. iically 
connutated electric vehicle propulsion unit. The ma- 
chine has an 18 slot star.or which houses the three 
phase Y-connected armature winding. Each phase winding 
la split into two halves which can be connected either 
in series or parallel (for a total of 2 'a series turn 3 
or 12 aeries turns in paralU* with another 12 series 
turns). The purpose of this series/parallel arrange- 
ment Is to provide a different torque sensitivity for 
each of tha low and high speed operation. 

The rotor consists of a six pole samarium cobalt 
permanent magnet structure. The magnets are retained 
by a nonmagnetic stainless steel sleeve to allow high 
•peed (9000 r;m) operation. 


Machine Inductance Measuremen t 



Figure (2) Graphical Representation of Apparent and 
Incremental Reluct lvicias in Nonlinear 
Materials Including Energy Perturbation. 

...,i rj ). Since the current disturbances era small, tha 
reluctivity of each element can be assumed constant for 
these current increments and equal to one of th* two 
values defined by equations (23) and (24) for the given 
operating point. Consequently the algebraic aquations 
produced by the fintte element discretization are lin- 
earised about (around) the quiescent operating point. 
Figure (2). Hence no iterations are required to obtain 
vd. ♦ Ai*) and v( i i t Ai,, t k t Ai^) once the operating 
poiftt of each element has been determined for a given 
set of currents. If the Incremental reluctivities, as 
defined by equation (23), Figure (2), are used to de- 
termine the perturbations in energies. Aw , (excess or 
deficit m sham in Figure (2)) due to the current per- 
turbations, equations (21) sad (22) will yield the in- 
cremental values of 1** and Ljg, namely Lj9 c end ll£ c . 
Slmilarlly the use of the apparent values i i elemental 
reluctivities, equation (24), leads to the apparent 
values of Inductances. 

It must be emphasized that the incremental values 
rather than the apparent values of inductances are the 
ones of primary importance in the dynamic analysis of 
electronically operated machines. This is again due 
to the highly nonsiausoidal nature of the current and 
Mf waveforms Involved, and tha oonlinearitiee in the 
various magnetic circuits of such systems. 


The line to line and phase to neutral inductances 
for the series and parallel connections , were measures 
at no load, using an a. RLC blg<bridge, at different 
rotor positions (angles). These inductance:, are given 
in Table (1), for rotor angles covering an entire 3fcw° 
electrical cycle. 

It must be pointed out that such a machine can De 
represented by three armature (stator) colls, while the 
•aaarium-cobair magnet structure Is equivalent to a . 
field winding coll which carries constant current 1 
Henca, in tha inductance calculation which fellows one 
must obtain the “hree self and three mutual Inductances 
of tha armature winding. The self inductances were 
directly measured In the test described above, and arc 
given in Table (1) by the phase to neutral inductance 
readings. However, the mutual inductances were only 
indirectly measured, and are incorporated in the values 
of tha line to line inductance readings given in Table 
(1), For example, tha measured line to ' ins Inductance 
l(8) (from terminal (a) to terminal (b)) 

1 Ane(a)-line(b) 

can ba expressed in terms cf the self inductances, 

«<» i , b < *• well as the mutual inductance, 

] as follows: 

l (9) « L<8) + 1(9) + 2L(J ) (27) 

llM<«)-llM(b) *« bb ab 

where 9 la tha rotor angular position defined in Fig- 
ure (1). Thus, measurement of eliat inductance is an 
indirect means of verifying the mutual term It 

muse sir be pointed out that ail these measured values 
are apparent inductances, obtained at the no load con- 
dition (zaro armature current). 

Calculation of the Apparent and incremental Machine 
Inductances 

Tha present energy perturbation method for calcu- 
lation of saturated values of apparent and incremental 
inductances, was used here in Che calculation of the 
apparent and inc r e men tal winding inductances of the 15 
hp permanent me gnat synchronous machine described above. 
For this type of machine tha armature is represented by 
three coils, *i, a? and sj, as shown schematically in 
Figure (1). In this case, these are the a, b and c 
phase windings. The ro*or contains one equivalent wind- 
ing on the direct axis. TUs winding is carrying a fix- 
ad value of field current, i f , (that Is (di f /dt) • 0) 
aa an equivalent representation to the magnetic effects 
of a permanent magnet, see reference ( 1 6 J . Further- 
more, past experience has shown tha! rotor damping 
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^ * 


effects are negligible for this type of machine con- 
struction as shown in the work of Nagarketti [19]* 
nence no damper windings are considered. Accordingly, 
the inductance matrix representing the armature wind- 


mgs , 

for a given 

(fixed) 

rotor position, 6, can 

be 


er. as fellows 





fi(e) 

L(0) 

L(efi 



! aa 

ab 

ac ; 


l(6) 

-abc 

= |L(6) 
J ba 

L(0) 

bb 

L(6)i 

be | 

(28) 


• loo 

L(0) 

1(0)1 



i ca 
L 

cb 

cc I 


where L<J>- L< 9) , l< 6 > - L«” and L< 0 > - L< 0) because 
tne number of P ?urns a per phaie for tne a, band c wind- 

mgs 

is the same. 

These 

inductance coefficients 

can 


represent either the apparent or incremental valv'S 
depending on the type of analysis and application under 
consideration. These coefficients were determined 
using the method presented above as described next. 


Inductances at No Load - The Self Inductances 


At no load, the only flux sustaining excitation is 
that associated with the permanent magnets on the rotor. 
Accordingly, a quiescent field solution point is that 
in which the armature (stator) windings carry no cur* 
rent. The magnetic vector potential (ra.v.p.) contour 
lines for a quiescent point at a given rotor position, 

6, are given in Figure (3). An entire cross-section is 
covered in order to render the algorithm readily appli- 
cable to cases with fractional slot windings. 

In order to obtain the apparent self inductance of 
phase (a) of the armature winding, equation (21) in 
conjunction with the apparent reluctivities of equation 
(24) are used. Equation (21) requires two current per- 
turbations in the phase (a) winding. These current 
perturbations, (+Ai a ) and (-Ai a ) , where Ai a is about 
10Z of the rated load current produce two m.v.p. con- 
tours for (+Ai a ) and (-Ai a ) at the given rotor position 
as shown in Figures (4) and (5), respectively, for the 
sr ies armature winding connection. The magnetic field 
energies at the quiescent point and the two perturba- 
tion points were thus determined and substituted in 
equation ( 21 ) to yield the apparent self inductance of 
phase (a) for the series connection. 

Repeating this process at different rot^r position 
angles yields the inductances term L®PP (6). This 
apparent phase (a) inductance is plotted in Figure (6) 
over a complete cycle of 360° electrical range of the 
rotor angle, 6 , for the series winding connection. The 
test measurement values of Lj}gP(0) are also plotted in 
the same figure. One can see that the range of calcu- 
lated values of L|§ p (6) varies slightly with the rotor 
position between about 136.5 and 158.2 micro tlenries 
(uH). This should be viewed in comparison with a 
range between 169.8 and 168.1 pH for the measured 


values of the same inductance for the series connection 
given in Table (1). The difference between the test 
and calculated values is due to the inductance compo- 
nent associated with the end turns, which is included 
in the measured values. This end turn inductance is 
not included in the calculated values. This is because 
the calcul .tions are based on two dimensional field 
solutions which do not include the three dimensional 
armature winding end effects. The phase (a) winding 
apparent inductances when connected parallel, were ob- 
tained from calculations and from test measurements and 
arc given in Figure \7). 

Repeating the steps described above for calcula- 
tion of the magnetic energies using current perturbation 
(+Ai a ) and (-Ai a ) , while using the incremental reluctiv- 
ities of equation (23) in place of the apparent reluc- 
tivities for the finite elements in the field solution, 
one obtains the incremental self inductance of phase (a) 
at a given rotor position. Varying the rotor position 
over 360° electrical and repeating the perturbation 
process one obtains the incremental inductance, 
as a function of the rotor position, 6, as given in 
Figure (6) and (7) for the series and parallel chase 
winding connections, respectively. As one expects, 
whenever some degree of saturation is present in a 
given magnetic circuit, the values of the incremental 
inductances are less than the corresponding apparent 
inductances, see reference [17], This is exactly what 
the results presented here reveal. One would expect 
that the Incremental inductance values would be re- 
duced further from the corresponding apparent ones as 
the degree of saturation in the magnetic circuit, at 
the quiescent point, is increased. It must be pointed 
out that in permanent magnet machines such as the one 
at hand only moderate levels of magnetic saturation are 
encountered. . 

The seif inductance terms L b {J p (0), L bb c (e), Lc? P ( H ) 
and L*£ c (e), can be directly obtained from L3gP(0) and 
Lj§ c (6) by phase shifts In the curves of Figures (6) 
and (7) of 120° and 240° electrical, respectively. This 
is because of the inherent symmetry in the three phase 
armature winding at hand. 


Inductances at No Load - The Mutual Inductances 

In order to determine the mutual inductance terms 
L ab (0), L bc (8) and L ca (8) of equation (28) at no-load, 
using equation (22) above, one starts with a no-load 
quiescent field solution for a given rotor position 
such as the quiescent field solution of Figure (3). In 
addition, when one wishes to determine the apparent and 
incremental values of sa> L ab (0), „ must obtain four 

perturbed field solutiors corresponding to four set of 
current perturbations +Ai b ) , (+Ai a , -A5 b ), 

(-Ai a , +Ai b ) and (-Ai, , -Ai b ). In one calculation, 
one must use the apparent values of elemental reluctiv- 
ities at the quiesce :t point, to obtain four solutions 
and energies for ca'.culatlon of the apparent inductance, 
L*PP(6). In another calculation, one must repeat the 
prucecs using the incremental values of elemental re~ 
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Figure (3) Quiescent Field 

Solution at No Load 



iuctivities at the quiescent point to obtain four ad- 
ditional field solutions and energies for the calcu- 
lation of the incremental inductance, Thus, 

one obtains a total of eight perturbed field solutions 
at a given rotor position in order to obtain the in- 
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Figure (6) Inductance, L (0), for Series Phase 
Winding 
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Figure (7) Inductance L (9), for Parallel Phaae 

Winding original page 18 
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Figure (8) Inductance, L, . , N .. for 

line (a)-line (b) 

the Series Phase Winding 
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Figure (9) Inductance, (b) , for the 

Parallel Phase Winding 

ductance valuta L*g p (9) and lib C (0). While this may 
seem excessive from a computational standpoint, in 
reality it is not. This is because none of the per- 
turbed solutions requires any iterations on t.ie ele- 
mental reluctivities, where such elemental reluctivity 
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values are frozen at the quiescent point as explained 
earlier, see Figure (2)* The process is repeated for 
as many rotor positions, 0 , as one desires. Again, in 
this case the current perturbations Ai a and Ai*, were 
about 107: of the rated load current. 

Upon calculating the values of L a PP (9) and L a £ C (9) 
over a range of rotor positions covering a complete 
cycle of 360° electrical, for the series and parallel 
phase winding connections, the apparent and incremental 
values of the line (a) to line (b) inductances, 

(b) a " d L lin£ 9 U)-line (b)* WCre CalCU " 
lated by means of equation (27). The results of these 
calculations are given in Figures (8) and (9) for the 
series and parallel phase winding connections, respec- 
tively. Also, given in the same figures are the mea- 
sured values of apparent line (a) to line (b) induc- 
tances. It should be noted that the calculated appar- 
ent values of this inductance ranged from 335 to 
341 cH for the series connection, while the corre- 
sponding measured test values ranged from 362 to 
377 uH. This represents very good agreement between 
test and calculations when one takes notice of the fact 
(mentioned earlier) that the calculations do not in- 
clude the three dimensional armature winding end ef- 
fects. This is because all the numerical field anal- 
ysis given here are only two dimensional. 


Inductances at Load - The Self and Mutual Inductances 


In this type of machine only two phases of the 
armature winding carry current of equal magnitude and 
opposite polarity under load, except during very short 
periods of time when phase currant commutation takes 
place. That is, throughout the 360° electrical of 
armature current cycle one can represent the armature 
current by six current states, #1 through #6, as shown 
schematically in Figure (10), where the very short 
commutation periods are neglected. 

Accordingly, during state #1, the armature winding 
carries current in phase (a) and phase (b) only. Hence, 
with magnitudes of armature current at their rated load 
value (115 Amperes), the phase fa) and (b) windings, 
each in the parallel connection mode, were excited ac- 
cordingly, Thus, a quiescent field solution represent- 
ing state //I was obtained in this machine at a rotor 
position corresponding to its location, with respect to 
the armature windings, at the beginning of the state. 
This solution is shown in m.v.p. contour form in Figure 
(11). Two more quiescent field solutions were obtained 
for the appropriate rotor positions at the middle and 
end >f state #1, as shown in Figures (12) and (13), 
respectively. 
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1 l 2 
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Figure (10) Idealized Phase Current of the Analysed 
Electronically Operated Synchronous 
Machine. 


Current perturbations (i a + Ai a , ijj) and (i d - 
Ai a , i^) were performed using the apparent reluctivi- 
ties. The corresponding perturbed field solutions are 
shown in m.v.p. contour form in Figures (14) and (15) 
respectively, for the initial rotor position in state 
#1, which is shown in Figure (11). The process was 
repeated for the two oth*r rotor positions covering the 
state, and the apparent self inductances of phase 
were calculated. The resulting three values of appar- 
ent self inductances under load wer** calculated from 
the resulting values of perturbed energies according to 
equation (21). The process was repeated using incre- 
mental reluctivities in the elements, from which the 
incremental self inductances under load were also ob- 
tained at the three rotor positions covering state f/1 . 
Results of both apparent and incremental self induc- 
tances of phase (a) under load are plotted in Figure 
(7) for the parallel phase winding connection. In- 
spection of this figure shows the effect of load on 
the values of the self inductances. This load effect 
is not as pronounced in this type of machine, in which 
the magnetic circuit is not heavily saturate.!. How- 
ever, such an effect would be much more pronounced in 
other machines in wnich considerable saturation is 
encountered in their magnetic circuits. Such an 
effect would tend to d'. ■' eata or increase such induc- 
tance values depending on whether the armature load 
current tends to magnetize or demagnetize the magne- 
tic circuit of a given machine, respectively. 



Fig. (11) Quiescent Field Solution 
at Rated Load, Rotor Position at 
Beginning of State #1. 

316 


Fig. (12) Quiescent Field Solution at 
Rated Load, Rotor Position at Middle 
of State #1. 


Fig. (13) Quiescent Field Solu- 
tion at Rated Load, Rotor Posi- 
tion at End of State f/i. 
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Figure (14) Perturbed Fiej-d Solution Due to a Perturb- 
ed Current (1 + Ai , i, ). 

a a b 

A process of current perturbation and correspond- 
ing perturbed field solutions was carried out using 
apparent then x tcremental finite element reluctivities, 
starting from the aforementioned three quiescent load 
points (with three rotor positions) covering state #1. 
The perturbation currents were (i a + Ai a , ifc + Aifc), 

(i a + ai a* i b “ Ai b>- (*a ' *b + Ai b> and 

fi a - Ai a , i(, - Ai' 0 ). Hence, the corresponding magnetic 
energies were obtained for use in equation (22) to 
determine the apparent and incremental mutual indue- 
tances, LfgP(8) and l|£ c ( 8), at load. 

Using the load values of the self and mutual, 
apparent and incremental inductances determined as 
described above, the corresponding line (a) to line (b) 
apparent and incremental inducts, ces were calculated 
using equation (27). These results are plotted for the 
parallel phase winding connection in Figure (9). 

CONCLUSIONS AND RECOMMENDATIONS 

A method for determination of saturated values of 
apparent and incremental inductances of windings in 
rotating machinery was introduced. The method is 
based on current and energy perturbation concepts, as, 
well as numerical solution of the nonlinear field prob- 
lems in such rotating machinery. The method takes full 
account of the two dimensional intricacies of magnetic 
circuit geometry and nonlinearity in such machines, as 
well as machine winding interactions. The method was 
applied successfully to a 15 hp, six pole, samarium- 
cobalt permanent magnet electronically operated syn- 
chronous machine. Results of calculation of winding 
self and mutual inductances were in very good agree- 
ment with corresponding measured values, bearing in 
mind that armature winding end effects were not includ- 
ed in the numerical procedure of inductance calculation. 

Prediction during the design and development stage 
of machine winding inductances, particularly in elec- 
tronically commutated machines, where the high rates of 
current switching (high frequencies) are encountered is 
extremely important. This is because of the crucial 
role played by the inductive voltage drop terms (dX/dt) 
in determining the overall performance of such machines. 
Such important role is also played in conventional 
machinery applications where accurate knowledge of 
values of winding inductances (or reactances) is key 
in successful and accurate performance and design cal- 
culations. This method is most suited for such a role. 
Application of this powerful method to determination 
of inductances in heavily saturated machines will be 
reported in the future by these authors. Furthermore, 
if three dimensional field effects in end regions of 
machine windings are included in the future, as a re- 
sult of further advanced in computer technologies and 
field analysis, one could envisage applying this pre- 
sent energy and current perturbation in the deter- 


Figure (15) Perturbed Field Solution Due to a Perturb- 
ed Current (i - Ai , i,) . 

a a b 

mination of more accurate values of such machine induc- 
tances at any desired normal or abnormal loading condi- 
tions. 
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Discussion 

S. H. Minnkh (General Electric Co., Schenectady, NY): The authors 
have made a distinction between two kinds of reluctivity (permeability) 
which can be defined at a given operating point on the B-H 
characteristic. Their use of the term “incremental” reluctivity, in the 
sense they have defined it is a natural one, in terms of the common 
meaning of that word. Unfortunately, in magnetics, the term “in- 
cremental” has a special, and different, meaning, 1.2,3 Figure 1 shows 
the “incremental” loops which are obtained when small perturbations 
in H are applied around a fixed operating point. The slope of these 
small loops is the incremental permeability 
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Figure 1. Schematic Representation of Incremental Minor Loops 

The technically accepted terminology for the concept to which the 
authors refer is “differential” permeability. I It is the slope, dB/dH, of 
the B-H characteristic at the point in question. I believe that the above 
distinction is widely recognized. The authors should consider changing 
their terminology to minimize future confusion. A possible terminology 
for the inductance corresponding to the differential permeability would 
be the differential inductance. Although it is not so crucial, I would 
point out that what the authors call the “apparent” permeability is call- 
ed the “normal” permeability in [1]. 

It appears that the no-load inductance measurements the authors 
refer to were made with a locked rotor, in which case it should have 
been (for small signals) the incremental permeability that described the 
B-H path in the stator iron. In that case, the measured value might have 
been expected to be smaller than a value corresponding to the “ap- 
parent” permeability or to the “differential” permeability; the latter 
are the calculated values which the authors use for comparison, and the 
measured value was actually larger than either. The authors correctly 
point out that the end winding inductances would have to be subtracted 
from the measured value for a true comparison. It is not possible to 
comment further without understanding the kind of iron used in the 
stator, and the open-circuit operating point on its B-H characteristic. 
Since permanent magnet machines have magnetic circuits which are (ef- 
fectively) mostly air, the inductances may be insensitive to any assump- 
tion made about the stator permeability, it does not appear that the 
comparisons made are significant in sorting out the different kinds of 
inductance. 

The authors have couched all their calculations in terms of the energy 
method of evaluating inductances. It appears that the same concepts 
would apply if the inductances were calculated in terms of fiux linkages. 
Only one calculation would be necessary per inductance in that case. 
Would the authors comment on this point. 

In the middle of the second column of page 1 , the authors describe an 
increase in machine capability obtained from a decrease in the number 
of turns in the phase windings. This argument seems somewhat irrele- 
vant. Decreasing the number of turns from 12 to 9 will decrease the in- 
ductances by (3/4)2 or nearly a factor of one-half. This has nothing to 
do with any magnetic calculation procedure. It is mentioned that this in- 
crease in capability was obtained at the “same” supply voltage. This is 
a rather artificial result. The selection of the number of turns in the 
winding and the selection of the rated supply voltage are interrelated in 
a well known way in order to assure that the machine draws rated cur- 
rent (a number usually set by thermal limits). If the turns are changed 
without changing the terminal voltage, one or the other of the con- 
figurations was not a consistent design. Perhaps the authors would like 
to clarify this point. 


T. W. Nehl, F. A. Fouad and N. A. Demerdash: These authors wish to 
thank Mr. S. H. Minnich for his interest in me paper, and offer the 
following in response to the various points and queries put forward by 
Mr. Minnich: 

1) The use of the term “incremental permeability” as utilized in our 
paper is an accepted way of refering to the physical process and method 
of calculation explained in the paper. Identical utilization of the same 
term can be found in many textbooks, an example of which is a book by 
Fano, Chu and Adler, which is Reference (17) in our paper. In this par* 
ticular type of application (samarium cobalt permanent magnet 
machines, with MI 5-29 Gauge Stator Laminations), subject of this 
paper the hysteresis effect is almost nonexisiant. That is, the B-H 
characteristic of the stator core lamination material is a single valued 
curve for ail practical purposes. Hence, the slope of the minor hysteresis 
loops, refered to by Mr. Minnich as the “incremental permeability” is 
equal to the slope of the tangent to the single valued B-H characteristic 
used in the paper. Again, minor hysteresis loops are almost nonexistant 
in this class of applications. 

2) The authors wish to point out that the use of the term “apparent 
permeability” in place of what Mr. Minnich refers to as the “normal 
permeability” is an acceptable usage in many textbooks on magnetic 
fields, an example of which is again Reference (17) in our paper, 

3) Because of the almost nonexistant hysteresis effect in the type of 
application subject of our paper, the distinction suggested by Mr. Min- 
nich between ‘differential permeability or inductance” and “incremen- 
tal permeability or inductance” is negligible. Hence, for all practical 
purposes, the two terms are one and the same in this class of applica- 
tions. The above line of reasoning is further enhanced by the low level 
of saturation which inherently exists in magnetic circuits of permanent 
magnet machines of the type at hand. This is in addition to their large 
effective airgap reluctance in proportion to the ferrous portion of the 
magnetic circuit reluctance. 

4) We wish to confirm that the no load inductance measurements 
were made with a locked rotor. Also, the incremental and apparent 
permeabilities as defined in the paper were used in the corresponding 
calculations. The inductance measurement was carried out using a com- 
mercially available inauctance bridge 

However, we wish to point out to Mr. Minnich that the main reason 
both the calculated incremental and apparent inductances are lower 
than the measured inductance values is due to the fact mentioned in our 
paper, namely that the contribution of the end connections (with its 
three dimensional magnetic field nature) to the values of inductances 
could not be included in the two dimensional field calcultion, while it 
naturally is included in the measured values, Thus, the fact that the 
measured inductance values were greater than those calculated from the 
two dimensional field model is consistent with what one would have ex- 
pected as a result of the inability to account for the end turn connec- 
tions in a two dimensional field model. It mst be pointed out that the 
proportion of the end connections to the effective length of the ar- 
mature conductors burned in the armature slots is not insignificant. 
Therefore, without including the three dimensional end connection ef- 
fect, one could not possibly have expected to have measured values of 
inductances that would be less than those calculated ones. This is par- 
ticularly the case in view of the lightly saturated state of the magnetic 
circuit. Accordingly, we could not agree with Mr. Minnich in suggesting 
that the measured values should have been less than the calculated ones. 
In fact, based on “educated intuition” one would expect the opposite 
of what Mr. Minnich suggested. 

5) Mr. Minnie!, raises the question as to why we chose to calculate 
the various machine winding inductances through energy calculations, 
rather than directly by fiux linkages with the various windings. The 
choice of the energy calculation concept was made because it is indepen- 
dent of the degree of complexity of the contours of the ferrous (iron) 
and current carrying parts of any magnetic circuit under consideration. 


} 

•i 

■s 

4 

t 



T1Q 




<k- 


JT 


Thus, the same algorithm of inductance calculation can be utilized, in 
conjunction with any two-dimensional magnetic field calculation 
algorithm, to determine the inductances associated with any given elec- 
tric device. On the other hand, had we chosen the flux linkages ap- 
proach, the resulting algorithm would have been limited to the contours 
of the case at hand, or at most to that class of contours for the par- 
ticular type of machine being analyzed. 

6) The decrease of he values of the machine inductances by a factor 
(3/4)2 due to reduction in the number of turn from 12 to 9 per coil is a 
key factor in the design of the type of machine at har,d, where high rates 
of current switching is encountered (as high as 400 Hz for the inverter 
switching). This leads to the imposition of a limitation on the rate of 
phase current build-up from the instant of “switching on" of a given 
phase, which is inversely proportional to the value of line to line 
machine inductance. This is because the rate of current build up, 
(di/dt), per phase is equal to (neglecting resistance): 


(di/dt) *I/L (H - e(t» 


m 


where E is the dc voltage source, while e(t) is the instantaneous value of 
the back emf induced in the phases by magnet rotation. Thus based on 
equation (I) above, the higher the inductance, the lower the (di/dt). 
This is while the available switching time per phase in an ac cycle is 
determined by the inverter frequency, and hence no flexibility is possi- 
ble in its duration. Therefore, unless the current build jp rate, (di/dt), 
is higher than a minimum value (function of the inverter frequency), 
one may not be able to reach the desired value of armature current per 
phase within the period of time during which this particular phase is 
"switched on", sec the “on” and “off* periods in the phase current 
cycle diagram Figure (10) in the paper. 

The fact that the peak current values, and hence peak power (and in 
some instances rated power) capabilities of this class of machines are in- 
deed heavily dependant on the motor inductances, are well documented 
m a number of earlier papers and publications by these authors, see 
Reference (15) of the paper, as well as References (18) and (19) listed 
below. 

In all such investigations, one must have access to reliable values of 
machine winding inductances during the design stage in order to predict 
the current build-up rate given in the above equation. Designers, in so 
far as we know, are usually unable to provide such data with certainty, 
and hence the use of a method such as the one given in this paper for 
obtaining these inductances is almost indespensible for accurate predic- 
tion of performance of machine systems of this type. 

The line of reasoning offered by Mr. Minnich in the relationship be- 
tween the number of turns, the supply voltage, and rated current is valid 
for constant speed machines. However, it is rather simplistic and totally 
inconsistent with the basic design facts of this class of machines in 
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which operating speeds vary widely. Mr. Minnich states in his discus- 
sion that, “the selection of the number of turns m the winding and the 
selection of the rated supply voltage are interrelated in a well known 
way in order to assure that the machine draws rated current." We wish 
to point to Mr. Minnich that this relationship becomes very direct and 
simple only if one is deaiing with sinusoidal current and voltage 
waveforms, and when the machine speed is function of a given supply 
frequency in addition to the number of poles (synchronons speed). This 
is not the case at hand, where the phase currents are from pure 
sinusoidals, and the rated speed of a given machine is only limited by 
the upper bounds of mechanical stresses on the rotating members. 

Accordingly in the case of the machine at hand, one can keep the 
same supply voltage, while reducing the number of turns and increasing 
the rated machine speed for the same magnetic circuit flux per pole (per- 
manent magnet) while maintaining that level of supply voltage. Thus, 
reduction of the number of turns per phase was how lower machine 
winding inductances were achieved, in order to allow the necessary cur- 
rent buildup rate, equation (1). This is in order to reach the required 
current levels during the fast switching periods to which the machine 
winding is subjected. Based on the above, we could not disagree more 
with the statement made by Mr. Minnich that, “If the turns are chang- 
ed without changing the terminal voltage, one or the other of the con- 
figurations was not a consistant design." Thus, one can see the key role 
of the inductance values in setting machine current build up rates, and 
hence machine current leveles during the available “on" time per phase. 
Notice, the machine power capability is directly proportional to the 
machine current level. 

We hope we have responded adequately to all pertinent points in Mr. 
Minnich’s discussion. We finally wish to express our appreciation to 
Mr. Minnich for his interest in the paper, and for his various queries, 
which we are sure were very helpful in enabling us to clarify ambiguities 
in this investigation. 
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ON CALCULATION OF MACHINE WINDING INDUCTANCES 
BY ENERGY PERTURBATION AND FINITE 
ELEMENT METHODS 
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DETERMINATION OF WINDING INDUCTANCES IN FERRITE TYPE PERMANENT MAGNET ELECTRIC MACHINERY BY FINITE ELEMENTS 


N . A. Oemerdash, F. A. 

Abstract 

A key design factor in ferrite type permanent 
magnet machines is the accurate knowledge of the 
values of machine winding inductances during the 
design stage. In the present paper, a method which 
is based on perturbation of the energy stored in 
the magnetic field, and on numerical models of sim- 
ulation of such permanent magnets is used in calcu- 
lating machine inductances. The effect of change 
in the values of these winding inductances with 
magnet position throughout the cycle of operation 
of such machines is given. These inductances also 
include the apparent and incremental values, whose 
definition is directly related to the choice of ap- 
parent or incremental reluctivities in the energy 
perturbation process. Results of application of 
this method to the calculation of inductances in a 
15 hp 6-pole ferrite type electronically operated 
permanent magnet machine are given. These calcu- 
lated values of inductances are in good agreement 
with the measured values. 

INTRODUCTION 


Permanent magnet machines are finding in- 
creasing acceptance and use in many applications. 
These applications include machine tool drives, 
electro-mechanical propulsion in electric vehicles, 
and recently in robotics. In most of these appli- 
cations, solid-state control and operation of these 
machines is used. In applications where machine 
weight and volume must be kept to a minimum, 
samarium- cobalt (rare earth) materials are most 
preferred for use in manufacturing the needed per- 
manent magnets. However, because of the relative- 
ly high price, availability, and problems of secu- 
rity of supply of cooalt, ferrite type magnets are 
proving to be just as effective in the manufactur- 
ing of machines with performance equivalent to 

those manufactured with samarium cobalt magnets^. 
This is done at an acceptable sacrifice In increase 
in machine weight and volume, and represents no 
difficulties In many of those applications where 
weight and volume limitations are not stringent. 

An example of such a machine is a 15 hp, 120 
volt, 6-pole, 8840 rpm electronically commutated 
brushless dc machine (operated from a dc source 
through a 3 phase solid-state inverter/converter) 
which was built and tested for possible use as a 
propulsion unit for electric vehicles, a cross-sec- 
tion of which is given in Figure (1). The armature 
(stator) winding of such a machine is of the 3 
phase type. A successful design of such machines 
is predicated upon reasonably accurate knowledge of 
the armature winding seif and mutual phase induc- 
tances. The crucial role played by these induc- 
tances is due to the fait electronic switching of 
the phase currents during commutation , Hence, the 
L(di/dt) terms play a major role in determining the 
ability of the machine and Its corresponding elec- 
tronic controller to achieve the necessary current 
buildup rate and level to meet the rated power and 
peak power requirements. The phase current buildup 
during commutation (di/dt), can be approximated by: 

(di/dt) * [E - e(t)]/L (1) 

where E is the dc source voltage, while e(t) is the 
lnstanteous value of the back emf Induced in the 
given phase undergoing commutation. Thus, on the 
basis of equation (1) above, the higher the Induc- 
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tance, L, the lower the current buildup rate (di/ 
dt), the longer it takes to reach the necessary 
rated current. This is while the available switch- 
ing time during which current buildup can take 
place is limited in an ac cycle of armature current 
by the aforementioned 3 phaae inverter/converter 
frequency. Further details on these aspects are to 
be found in reference [2], Accordingly, the accu- 
rate calculation during the design stage of winding 
inductances in such permanent magnet electronically 
commutated machines is of paramount importance. 


BACKGROUND OF METHOD OF INDUCTANCE CALCULATION 

[3] 

In a previous paper , these authors presented 
a method, which is based on perturbations of winding 
currents, and the associated incremental change in 
the energy stored in the magnetic field, to calcu- 
late such machine inductances. This approach en- 
ables one to circumvent the difficulties associated 
with calculating such parameters using the flux- 
linkage approach, particularly in the presence of 
complex, and continuously changing contours (due to 
rotor position change) in rotating machinery. This 
perturbation method will only be briefly described 
here for the sake of continuity. The percurbation 
method at hand is applied in the calculation of the 
3 phase armature winding inductances of the above 
mentioned 15 ferrite type permanent magnet brush- 
lass dc machine, a schematic representation of 
which is given in Figure (2). 

The method of finite elements ^ is used to 
determine the field distribution under no load, as 
well as some load cases. Representation of the 
ferrite permanent magnet pieces mounted on the ro- 
tor was cairied out in the finite element magnetic 
field modeling according to a method described by 

[41 

these authors in a previous paper . In this ap- 
proach a permanent magnet is replaced by an elec- 
tromagnet whose excitation is supplied from a con- 
stant current source. Figure (2), and whose to*al 
ampere turns are functions o f rhe permanent magnet 
geometry and coercivity. 



Fig. 1. 


Fig. 2. 


The current/energy perturbation method of cal- 
culation or' inductances^ is based upon considera- 
tion of the total enetgy stored in the magnetic 
field of a given device comprising n windings. 
Consider the voltage at the terminals of the jth 
winding, one can write 


R j i j 
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di. 


dt 


( 2 ) 


However, for a fixed fotor position the last 
term in equation (2) equals zero because (db/dt) 
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vhich equals the rotor angular speed would be equal 
to zero. Here in equation (2) the partial deriva- 
tive of the flux linkage, A with respect to a 


winding current i^, (k 
creraental inductance, L 


1, 2,.,j,..,n) is the in- 


inc 

jk 


Therefore the total 


stored global energy, w, associated with the system 
rd n-coupled windings can be written as: 


w * l w. 


n 

« Z 

J“1 


i. (t) 
k / 


n k > 

Z J 

^ Km 


(L lnC i ) di 
jk J 


(3) 


In reference [3], it was shown that the self 
and mutual inductance terms of the various n wind- 
ings can be expressed as the partial derivatives of 
the global stored energy, w, with respect to various 
winding current perturbations, Ai^ . These deriva- 
tives can, in turn, be expanded around a "quiescent' 1 
magnetic field solution obtained for a given set of 
winding currents, in terms of various current per- 
turbations ±Ai^ and ±Ai^ in the jth and kth wind- 

windings, ani the resulting cnange in the global 
energy. For the type of machine at hand where L^ 

* , this process yields for the self and mutual 

inductance terms the following: 


L JJ 
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Here, the global energy w at the quiescent point is 
calculated from a magnetic field solution whose ex- 
citation current set in the n windings is (i^» i^* 


i 


j” 


. ,i. , . . . i ). 
k n 


Also, the global energy 


v(i ? Ai ) is the energy calculated from a magnetic 
field solution whose excitation Lurrent set in the n 
windings is (i^, i^, ,(i^ t Ai^), i n ) , 

and the global energy w(i^ t Ai^, i^ ± Ai^) is the 

t-uergy calculated from a magnetic field solution 
»nose excitation current in the n windings is 


( ‘r i 2* 


,Uj * Aij). 


,a k ± Ai k >, i n >. 


The perturbed field solutions can either v e ob- 
tained using the incremental or apparent reluctivi- 
ties of the various finite elements, thus, yielding 
the incremental or apparent winding self and mutual 
inductances as will be shown in the next section. 


MODELING OF THE PERTURBED EXCITATION CURRENTS 

Upon obtaining a solution to the nonlinear mag- 
netic field problem in the croes-aectlon of a given 
machine, for a given eat of winding excitation cur- 
rents (which will be referred to aa the quiescent 
solution point for that sat of excitation currants), 
one obtains a given value of reluctivity for each 
dement within the cross-section, including those 
< ;jentB in iron. Samples of such quiescent solu- 
tions are displayed graphically In Figures (3) and 
<U) for a no-load case, aa well as rated load case, 
Mspectively , for a giver rotor position. 

At any such given quiescent solution the status 
each iron element can be represented in the B-H 


1 05 ^ 



saturation characteristic by the quiescent value of 
reluctivity (permeability) shown graphically In Fig- 
ure (5). Also, ti.o magnetic energy stored in the 
field within each element is equal to the product of 
the shaded area of Figure (5) times elemental area 
times the effective axial length of a given machine. 

Once a nonlinear field solution is determined 
throughout the continuum (the quiescent solution), 
the incremental and apparent reluctivities for each 
element are known, and are graphically displayed for 
a given iron element by the tangent and cord passing 
through the quiescent point a6 shown in Figures (6) 
and (7) respectively. A perturbation of the excita- 
tion of any winding in a given machine yields a 
change in the field intensity in an element which is 
shown by (±AH) in Figures (6) and (7). 

Should one desire to obtain the incremental in- 
ductances, one must carry out the perturbation pro- 
cess to the field solution along the incremental re- 
luctivitv line as shown in Figure (6) . In this pro- 
cess the incremental reluctivities are "frozen" at 
their quiescent point values. This is done while 
solving for the effect of excitation perturbation 
throughout the field region, using a linearized fi- 
nite element solution (along the incremental reluc- 
tivity line) around the quiescent point. This pro- 
cess yields for every element an excess or deficite 
energy per element due to the positive and negative 
current perturbations, respectively. These energies 
are represented schematically by the shaded areas in 
Figure (6). Thus, th 2 new global energies, 
w(i^ t Ai^ ) are determined as the algebraic sum of 

the quiescent and excess or deficit energies for all 
the elements. 

Substituting v(i. ± Ai 4 ) in equation (4) yields 

inc 


j ~ j 

the incremental self inductance, L 


jj 


of :he jth 


winding. Pevt orbing two currents l and 


and k windings, one can similarily obtain the 


i, in the 
k 


four global energies, w(i^ t tiy i^ - Ai^). Upon 
substituting these four energies in equation (5), 
one obtains the incremental mutual inductance, L*" c . 

A similar process, with the perturbed field so- 
lutions having been determined, using the values of 
the apparent reluctivities at the quiescent point of 
Figure (7), yields the apparent self and mutual in- 
ductances L* pp and respectively. Results of 

such calculations arc compared with measured induc- 
tance values for the above mentioned 15 hp ferrite 
permanent magnet machine, and are given next. 


RESULTS 


The method described above was used to calcu- 
late the inductances associated witn the three phase 
armature winding of the 15 hp ferrite type permanent 
magnet electronically commutated brushless dc ma- 
chine mentioned above. These 15 hp machine winding 
Inductances were also measured in the laboratory, 
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using a commercially available digital inductance 
bridge . 

The results of calculation and measurement of 
phase to neutral self inductances, L , at various 

rotor positions, 6 , which cover the entire 360° 
electrical cycle are given in Figure (8). These are 
the values of the familiar term of the self induc- 
tance per phase. The calculated and measured values 
were obtained at no load, and are compared in the 
same Figure (8). 

It must be pointed out that the measured valuer 
of self inductances naturally include the contribu- 
tion of the end connections of the coils of the 
windings. However, the end connection contribution 
to these inductance values Is not included in the 
calculated values, because the calculation algorithm 
is based on a two dimensional field solution, while 
such end effects would require three dimensional 
field modeling for their Inclusion in the calculated 
values. Because of the small contribution of the 
end connections, this was not done in the calculated 
values. This also explains the slight difference in 
values between the calculated and measured inductan- 
ces which are plotted in Figure (8). 

The results of calculation and measurement of 

the line to line inductance, L« . , . .. , which 

line(a)-line(b) 

is calculated from the values of the phase self In- 
ductances, L and , and mutual inductance, L , 


L<!> „ , M - L< e >* 2 L<?> (7) 

line(a)-line(b) aa bb ab 

Is plotted in Figure (9) as a function of tn« rotor 
position angle, 8, over the complete 360" electrical 
cycle. This line to line inductance calculation is 
shown rather than the mutual inductance term, since 
a direct measurement of that value was far easier to 
obtain in the laboratory. The closeness of the re- 
sults of the calculation and measurement is indica- 
tive of the validity of the mutual Inductance term, 
(6 ) 

L . , obtained by calculation using the energy and 
ab 

excitation current perturbation method outlined 
above. The slight discrepancy between the calcu- 
lated and measured values la due to the fact, men- 
tioned above, that the present calculation method 
uoes not Include the effect of the end connections 
of the colls, while the measured values, naturally 
Include the end connection contribution to the 
winding Inductances. 

values of the phase self inductance, and 
line to line Inductance vers calculated under rated 
load conditions, and plotted in Figures (8) end (9) 
respectively. The effect of the load (armature) 
currents on the winding inductances is negligible a. 
can be clearly seen in both figures. 

CONCLUSIONS 

The present energy end excitation current per- 
turbation method has been shown here to be effective 
in the calculation of self and mutual inductances of 
windings of machines containing ferrite type perma- 
nent magnets. These calculated Indue tancoa were 

3?4 


f.f 


Fig. 7 . 


checked versus measured values of inductances in a 
15 hp ferrite-type permanent magnet brushless dc ma- 
chine, and good correlation between the calculation 
and measurement values was obtained. The method can 
therefore be most effectively used during design 
stages of such machines, to determine the suitabili- 
ty of machine inuuctance vaiur* from the standpoint 
of high speed switching (olecLronic commutation) ap- 
plications. This is to allow the determination of 
necessary design modifications in the magnetic cir- 
cuits of such machines before final choices are made 
in the manufacturing process of such equipment, 
which would help avoid costly design changes at 
later stages. 




Fig. 9. 
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Dynamic Simulation of Radially Oriented Permanent 
Magnet-Type Electronically Operated Synchronous 
Machines with Parameters Obtained from Finite 
Element Field Solutions 

THOMAS W. NEHL, member, ieee, FAKHRY A. FOUAD, NABEEL A. DEMERDASH, senior member , ieee, 

and EDWARD A. MASLOWSKI 


Abstract — A dyuak adti for of tfce trtorifl ia- 

liractiM hctwoto radlafiy •rWiltf ptrotattl **f»tt-typt *y«- 
droMMi mmchlmt mod (Mr corrwp— ding trsMbtoriud coma f 
toarc* paver coadH Jeaon k prteeated. Soac key aacbiM parean 
Hers need la this dyasak ■odd were obuiaed from flail* tkactl 
field setatleM. This dyaaak model wa ascd to ohtaia the traasieat 
iateractiaa betweea a 15-hp vaaarita cohalt radially orieated 
penaaaeat aufaet elect r — l e a lfy operated syachroaoas taachiae aad 
its correspoadlaf power coadl t ioaer . Tie aiarhiae was coast rocte^ 
for electric vehicle propakioa. Eiceileat correlatioo betweea various 
digitally siaialatod aad actaal test correat aad voltage waveforms, ia 
various broaches of the machia o coadltioaer artwork, has beea 
achieved. These reeahs iw fire*. This awdeiiag approach is applied 
to mrchiaes dariag the deeiga state, where the flaite tic meat 
modeling is the ealy way ta ohtaia the aeceseary seachiae parameters 
for dyaaauc simalatioa. It is shown how voch a comhiaatioa of the 
cempater-aided desiga took caa help ia preveatioa of desiga ah* 
jadgeeseats that caa prove coetly to reamdy ooce the hardware k ia 
place. Thk k doae throagh aa actaal desiga example of aa additional 
machiae beiag aumafactared for electric prapvkioo applkatioas. 


INTRODUCTION 

E LECTRONICALLY operated permanent magnet-type 
synchronous machines are finding increasing application as 
prune movers in actuation, machine tool drives, and vehicle 
propulsion (2), [3), (5). These machines, when operated 
from square-wave current-souru-type power conditioners, 
experience discretely stepping armature magnetomotive forces 
(MMF’s), rather than the smoothly rotating MMF’s of classical 
systems with sinusoidally time-varying armature currents For 
this reason, classical frequency dornain-type approaches are 

Paper IPCSD 81-22, approved by th* Industrial Drives Committee 
of the IEEE Industry A ppUcatioilfl Society for prnenution at the 1910 
Industry Applications Society Annual Meeting, Cincinnati, OH, Sep- 
tember 28-Octobcr 3. This paper was suooorted by U.S. Department of 
Energy/National Aeronautics and Space Administration LeRC Contract 
No. DEN3-65 and U.S. Air Force SCEEE Contract No. SIP/71-17. 
Manuscript released for publication June 1, 1981. 

T. W Nehl, F A. Fouad. and N. A. Demerdath are with the Depart- 
ment of Electrical Engineering, Virginia Polytechnic Institute and 
State University, Blacksburg, VA 24061. 

E. A Mulowiki is with the NASA Lewis Research Center, Cleveland, 
OH. 


invalid and can lead to substantial errors when used to predict 
the performance of such devices (2| . 

In this paper, a totally digital approach to the simulation 
of the instantaneous interactions between such madunc-power 
conditioner systems is described and verified against measured 
results. This modeling approach combines use of the two- 
dimensional finite element method for solving nonlinear 
magnei static field problems and associated machine param- 
eter determination [lj, [2], [3], with a discrete time non- 
linear network model based on generalized network graph 
theory concepts [2], ?6J. The advantages of the approach 
presented here over those used in similar problems by other 
investigators [7]-[13| can be summarized in the foDowing 
points. 

1) The machine parameters are determined by the finite 
element method. Therefore, the impact of machine winding 
and geometry changes on the overall system can be assessed 
without the construction of costly prototypes. 

2) The voltage drops across al* ~ower switching elements 
(transistors, thyristors, diodes, etc.) are included. 

3) The entire machine-power conditioner network (ex- 
cluding the snubbers) are included in the analysis using only 
one network graph No reduced order network models corre- 
sponding to the individual switching states of the network are 
used because the voltage drops across the switching elements 
are not neglected. This greatly simplifies the modeling of sys- 
tems with a large number of different switching states, since 
only one network graph and its corresponding stile equations 
need be used. Furthermore, the use of one network graph to 
cover ail stares and modes of operation results in a model that 
is more general. 

4) No rotating reference frames, which tend to obscure the 
physical interpretation of parameters ami results, are used. 
Consequently, all model parameters can be obtained directly 
from test measurements, if wvaiiabte, or by means of ihe finite 
element method and/or from design calculations. 

5) The instantaneous branch voltages, currents, and powers 
throughout the system, as well as the instantaneous electro- 
magnetic machine torque and power, are calculated and auto- 
matically plotted versus time 
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6) Furthermore, the status of all power switches (transis- 
tors, thyristors, diodes, etc.) is determined and automatically 
plotted versus time. 

7) Constant, as well as variable-speed, operation can be 
accommodated, including the dynamics of the rotating masses 
(2|.|5], 

8) Digital, ,«uic than analog or hybrid, techniques aie used 
to integrate the oif>rrential equations, which result in higher 
accuracy, lower cost, and greater flexibility. 

The combined finite element field analysis and the discrete 
time machine-power conditioner modeling app;oach introduced 
in this paper are applied to two prototype systems. The first 
is a 15-hp 120-V samarium cobalt permanent magnet (radially 
oriented) synchronous machine for a electric vehicle propul- 
sion, which is operated from a current-source-type power 
conditioner. The no-load back electromotive force (EMF) 
waveforms for this machine were obtained by means of the 
finite element method. These waveforms are in excellent agree- 
ment with the measured waveforms [1], \2) , [3]. The finite 
element calculated EMF’s are subsequently used, as will be 
shown in a later section of this paper, as forcing functions for 
the discrete time machine-power conditioner network model. 
Excellent agreement between simulation and measured voltage 
and current waveforms is achieved. 

This method is then applied to the design of a similar sys- 
tem in which i ferrite-type magnet machine is the prime 
mover. The effects of winding inductances, stator slot skewing, 
and commutation advance on the overall system performance 
arc given prior to actual construction. Significant design 
"pitfalls” were avoided as a result of using this approach, as 
will be seen in later sections. 

NETWORK MODEL FOR RADIALLY ORIENTED 
PERMANENT MAGNET SYNCHRONOUS 
MACHINES 

A lumped parameter network model for radially onented 
permanent magnet synchronous machines based upon a four- 
winding machine represei ation is derived. Three of the four 
windings represent the thiee armature phases, a, b, and c. The 
lourth one, /, is a fictitious winding, which is an equivalent 
field winding that represents the permanent magnet system on 
the rotor as was shown in the companion p«per [ 1 ) . It will be 
shown that the effect of the fictitious field winding together 
with its corresponding dc field current is equivalent to a set of 
three-phase back EMF waveforms that can be readily obtained 
from testing the actual hardware, if available, or by means of 
the finite element method using design dak if such hardware 
is not available [1] , (2), [3) . 

Because of the poor electrical conductivities associated with 
samarium cobalt and ferrite-type magnet? . *nd the relatively 
low level of induced eddy currents in the thin high resistivity 
stainless steel sleeve used in retaining the mapiets (4] . rotor 
damping effects can be neglected for the machines studied 
here without affecting the accuracy of the simulation results. 
Hence, no damper windings are included in this model. The 
voltages and currents of the various machur windings are 


therefore governed by the coupled circuit equation (1), ex- 
pressed in matrix form as follows [2] 


Lea 


Ljb 

Lac 

‘■of 

L bb 

L bc 

L b f 

Let 

Lee 

L C f 

Lft 

L/c 

kl. 


Hi 


where F ay R b , R c are the phase-to-neutral winding resistances 
[ft] ; Pf is the field winding resistance [ft] \L aa , L bb , L cc are 
the phase-to-neutrai self-inductances [H] :l /r is the field wind- 
ing self-inductance [//]; and L ab% ■•*, Z. A . are the mutual 
inductances [M] . 

In reality, the permanent ragnet (field excitation) system 
is equivalent to a constant current field winding, whose ampere 
turns are proportional to the coercivity of the permanent mag- 
net material and the magnet geometries [I]; therefore the 
field current if is constant. Also, it was found from magnetic 
field search coil measurements [ 1 ) , for mis class of machines, 
that the armature currents have little (or negligible) effects on 
the magnet flux distributions under normal load operating 
conditions. That is, no significant demagnetizations are experi- 
enced as long as the armature current remains within the same 
order of magnitude as the rated design values; see [1] . There- 
fore, the mutual inductance terns Lf a> L fb , and Lf CS which 
represent the armature u. , can be dropped from (1) 
without significantly affecting the accuracy of the modeling 
approach. Therefore, for this class of machines, (1) can be 
rewritten as follows: 


o o-i r 


0 R b 0 
0 0 R c 
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+ — L 

dt 


Lga L ab 
Lb* L bb i bc 
J> c* L €b 

* vl 


L »P\ P-1 ) 


hf ' 7 
•cf ’ if. 


The samarium cobalt or ferrite-type permanent magnets 
used in the radially oriented rotor structures examined here 
have permeabilities close to that of free space. Therefore, 
saliency effects normally associated with such structures can 
be neglected. This was borne out by measurements of the line- 
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to-Iine winding inductance of the I5-hp samanum cobalt 
machines, which is analyzed later in this paper and used in 
comparisons between simulation results obtained from this 
model and corresponding test results. In this machine, the 
maximum variation of the line-to-line inductance with respect 
to the rotor position was only ±4.8 percent from a nominal 
value of 105 /aH; see [2] . Consequently, the self inductances 
L aay L bb < and L cc , as well as the phase mutuals L aby L bay L acy 
L cay L bCy and L cb> are assumed constant and independent of 
rotor position. Accordingly, in a balanced three-phase case, 
such as the cases for which this model is intended, one can 
write 

L a a ~ L bb = L cc — L (3) 

l lb ~ L ba ~ L ac ~~ ^ ca **" L be ~~ ^ cb ~ ^ ( 4 ) 

R a = Rb = *c = R (5) 

Substituting from (3 ). (4), and (5) into (2) yields the following: 


Also, because of the nature of the fleating neutral Y- 
connection to the attached power conditioner units, the phase 
currents must satisfy the following. 


■ ir = U, 


that is. 


dt dt dt 


0. 


<9) 


(10) 


Substituting from (8) and (10) into (6) gives, after simplifi- 
cation. the following system of first-order differential equa- 
tions which govern machine dynamics in this case: 
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( 6 ) 


The mutual inductances between the field and the phase 
windings L af , L bf , and L cf . on the other hand, are functions 
of the rotor position 9(t). Therefore, the last vector term of 
(6) can be rewritten as follows: 


pa/(0f 


dLafV ) 

bd 

dZ, 6 /0) dd 
bd dt 

- be „ 


(7) 


The derivative of the totor angle 0 (f), with respect to time, is 
the angular velocity to of the rotor. Inspection of (7) reveals 
that the induced voltage in the phase windings due to the per- 
manent magnet rotor is proportional to 1) the strength of the 
magnets /y, 2) the speed of the rotor go; and 3) the rate of 
change of the magnetic coupling between the stator and rotor 
at a given rotor position d. Consequently, this vector term is 
the no-lo?d phase-to-neutral back EMF vector with compon- 
ents,^, e by and e c . Therefore, (7) can be written as follows: 


3 6 
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m 30 _ 
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(l - M) 0 0 

0 (L-M) 0 

0 0 (L 



(II) 


This is a simple decoupled system of equations in which 
the inductance term (L-M) is equal to half the open-circuit 
line-to-line inductance ( 2L-2M ). This can easily be calculated 
[3) or measured if the hardware is available. The accuracy of 
this model in predicting instantaneous machine voltage and 
current waveforms during various modes of operation is 
demonstrated later in this paper by comparison with oscillo- 
grams obtained during dynomomenter load testing of a 15-hp 
samarium cobalt machine of this type. In the next section, the 
machine model is combined with a network model of the elec- 
tronic power conditioner unit which is used to drive this 
machine. 


COMBINED MACHINE-POWER CONDITIONER 
NETWORK MODEL 

The radially oriented permanent magnet synchronous ma- 
chines can be driven in a variety of ways. These include sinu- 
soidal volt?ige and current sources as well as nonsinusoidal 
voltage or current-source power conditioners. In particular, 
the simulation of the instantaneous interactions between such 
machines and a nonsinusoidal current source inverter-converter 
(or power conditioner) is examined here. 

The schematic diagram of a transistorized current-source 
power conditioner and its attached machine is given in Fig. 1 . 
The power conditioner consists of l)a two-quadrant hysteresis- 
type current chopper for current magnitude control; and 2) a 
three-phase inverter-converter bridge which inverts dc into ac 
during motoring and vice versa during regenerative braking. 
The switching of the inverter transistors during the motoring 
mode is controlled by a Hall effect rotor position sensor 
mounted on the rotor shaft. The power conditioner produces 
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\ ig 1 Machine-power conditioner schematic and idealized motor 
currents. 


a three-phase armatuie current which is rectangular in nature, 
as shown in the idealized current waveforms in Fig. I . 

The machine is modeled by (11). This equation is equiva- 
lent. on a per phase basis, to the phase-to-neutral winding 
resistance, one half of the iine-to-line winding inductance 
(/,-A/), an d ^ ie phase-to-neutral back EMF voltage, all con- 
nected in scries. The three phases are wye-connected with a 
floating neutral. The attached power conditioner is also 
represented by a lumped parameter network model f 2 J . The 
switching action of the antipanllel transistor diode pairs is 
represented by nonlinear resistances. These resistances assume 
low values corresponding to the forward conduction resistance 
while in the ‘'on" state, and assume large resistances to simu- 
late the -‘ofr state [2] , [5] . The status of the nonlinear resis- 
tors representing the power transistors is controlled by Boolean 
representations of the chopper and inverter switching logic. 
The status of each of the diode resistors is determined on the 
basis of the diode voltages themselves, forward or reversed 
biased. Tiic other components of the power conditioner are 
modeled by standard lumped parameter circuit elements. The 
state equations for this nonlinear, nonplanar network are ob- 
tained using network graph theorems [2], [5], [6] in the 
standard form. 


.v = A • x + B • u (12) 

where x is h* state vector which consists of the capacitor 
voltage, the current through the chopper inductor, and the 
currents through two of the machine inductances, and u is the 
forcing function vector consisting of the battery voltage and 
the three back EMF’s, e a , and e c , and >4 and B are the non- 
linear coefficient matrices of the network [2] . 

The branch voltages v R and currents i& throughout the 
network are completely defined in terms of the state vector x 
and the forcing function vector u as follows [2) : 

Vq = G • x + // • u (13) 

and 

/# = /, • x A# • m nna 04) 


where (7, H, L y and M are functions of the network topology 
12 ). 

The nonlineal state model, (12), is integrated forward ui 
time over equally spaced time intervals t. These time intervals 
are taken small enough so that the nonlineai coefficient 
matrices A and/? can be assumed constant over the integration 
interval (nonlinearity of A and B is caused only by the status 
of the diodes and transistors and not by machine inductances 
which are assumed constant throughout for this type of 
system). The integration was performed by a modified ex- 
ponential series in which the state variables at the f* +1 instant 
of time. jc(/ a + 1 ), are related to the state variables and inputs 
at time t k . x(t k ) and u(t k ) by 

x(t k + x ) = <*(*) • *(/*) 4 *(*) • u(t k ) (15) 

where $(A:) and 6(k) are the state transition matrices [o] 
calculated at time t = t k . 

The back EMF‘s which constitute part of the input forcing 
function vector u in the machine-power conditioner network 
model are obtained either from test measurements if the hard- 
ware is available, or from finite element solutions of the mag- 
netic field over the cross section of the machine under investi- 
gation [1 ] , [2] , [3] , [5] . In either case, the EMF profile is 
represented by a Fourier series of the following form: 



where 

e 

EMF constant [V/mech, rad/s] . 

A* 

number of harmonics. 

a h - bh 

Fourier coefficients [V/mech. rad/s] 

Or 

rotor position [mech. rad] , 

<t>H 

phase shift [elec, rad] . 

P 

number of poles. 


The back EMF's. e Q , e^, and e r , can therefore be written in 
terms of e(d R , <p) as follows. 

e a = * 0), e b = ue(d R , (-2ir/3)). 

e c = ue(8 R , (— 4rr/3)). (17) 

These EMF waveforms were obtained from finite element field 
analysis and from test. Excellent agreer lent between calcu- 
lated and measured EMF's was achieved as demonstrated in 
[ I ] , for the 15-hp machine analyzed in the next section. 

The modeling approach outlined here, and given in detail 
in [2j . is applied to the analysis of a 15-hp samarium cobalt 
synchronous machine designed, fabricated, and tested for use 
in electric vehicle propulsion. It will be demonstrated that 
combining the finite element method for EMF determination 
with the machine-power conditioner network model gives 
excellent results when compared with actual hardware test 
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EXPERIMENTAL VERIFICATION OF THE COMBINED 
FINITE ELEMENT FIELD ANALYSIS AND 
MACHINE-POWER CONDITIONER 
NETWORK MODEL 

The discrete time machine-power conditioner model in 
conjunction with the finite element field analysis method were 
applied to the simulation of the 15-hp 120-V radially oriented 
samarium cobalt permanent magnet synchronous machine 
mentioned earlier. This machine was designed, built, and 
tested for use in electric vehicle propulsion. The machine is 
operated by means of a current-source power conditioner 
similar to the one shown in Fig. 1 . 

The back EMF waveforms for this machine were deter- 
mined by means of the finite element method, as described in 
detail in [lj. For the sake of completeness, the back EMF 
voltage waveforms, obtained from the field analysis under 
rated and no-load conditions at a machine speed of 7750 r/min, 
are given in Figs. 2 and 3, respectively. The peak of the no- 
load back EMF agrees to within 2.2 percent of the measured 
peak [I] . Inspection of these figures reveals that the armature 
reaction at rated load has a negligible effect on both the shape 
and peak magnitude of the LMF’s, as expected. The finite 
element determined no-load EMF waveform of Fig. 3 is rep- 
resented by (17) in the discrete time machine-power condi- 
tioner model. 

This machine-power conditioner system was tested under a 
variety of operating conditions using the dynamometer test 
setup shown in Fig. 4. Table I summarizes the modes of opera- 
tion (motonng or regenerative braking), the commanded cur- 
rents (or torque), and the machine speeds for the three repre- 
sentative test cases against which the model is verified here. 

The oscillogram and computer-simulated waveforms (CSWF) 
of the machine phase current for case 1 are given in Fig. 5. 
Excellent agreement between the two is evident in both over- 
all waveshapes and magnitudes and in the frequency of the 
sawtooth component caused* by the current chopper. The 
centra! commutation spikes, which are clearly visible in the 
CSWF, can be seen in the original oscillogram but were too 
faint for reproduction. 

The oscillogram and CSWF of the phase current for case 2 
is given in Fig. 6. The agreement between the measured and 
simulated results is excellent. Notice also that in this case the 
phase current failed to reach the commanded current of 300 
A. This is due to the current-limiting effect of the winding 
inductance at higher speeds. This can have a significant impact 
on the overall system performance, as will be demonstrated in 
the next section. The oscillogram and CSWF of the line-to- 
line machine voltage, for this case, is given in Fig. 7. Again the 
agreement between measured and calculated results is excel- 
lent. 

The first two cases verified the accuracy and validity of the 
model for simulating the machine power-conditioner operation 
in the motoring mode. 

The oscillogram of the machine phase current during re- 
generative braking, case 3 of Table I, is in excellent agreement 
with the corresponding CSWF, as shown in Fig. 8. Additional 
verifications of this model are given m [2] , including other 
machines of this type. 

330 
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Fig. 2. Finite element-determined back EMF’s at rated load ot the 
samarium cobalt machine 
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Fig. 3. Finite element-determined back EMF ’s at no-load of the 
samarium cobalt machine. 



Fig. 4. Dynamometer testing ot the samarium cobalt machine. 


TABLE I 

SUMMARY OF TEST RUNS SIMULATED 


Ca*« 

4uab*r 

Mode of 
Opera don 

[Current 
Command [A] 

j 

j Rotor ^peed 
llrpml ( 

l 

Motoring 

r 68.5 

j 1100 

2 

Motoring 

Maximum (100) 

775U 


Regeneration 

41,0 

! 7440 
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Fig. 5. Oscillogram and CSWF phase current, motoring at 3100 r/min, current command of 68.5 A. 
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Fig. 6. Oscillogram and CSWF of phase current, motoring at 7750 r/min, Qm fully “on.” 
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Fig. 7. Oscillogram and CSWF of line-to-line voltage, motoring at 7750 r/min, Qm fully “on.” 
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Fig. 8. Oscillogram and CSWF of phase current, regenerative braking at 7740 r/min, current command of 91 A. 
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APPLICATION OF THE COMBINED FINITE ELEMENT 

FIELD ANALYSIS AND NETWORK MODEL TO THE 
PREDICTION OF THE DYNAMIC PERFORMANCE 
OF A PROPULSION UNIT PRIOR 
TO CONSTRUCTION 

The primary application for this simulation model is as a 
design tool to save on prototype development costs and to 
speed up the design process. The design optimization proce- 
dure, using the modeling techniques described in this work, 
can be summarized as follows. 

1) First, the ratings ot the machine and the power condi- 
tioner unit are determined from the basic system requirements 
and constraints. 

2) The machine horsepower and torque requirements are 
then used to obtain a specific machine volume and geometry 
depending upon the required performance of the machine. 

3jThe selected machine geometry is then inputted into a 
nonlinear finite element magnetic field analysis program, 
winch was given In [1], from which the motor open-circuit 
EMF vavefoims, inductances, flux distributions, and core 
losses are calculated [ 1 ) , [3 ) . 

-^The calculated machine parameters are then fed into 
the system network model along with the preliminary power 
conditioner parameters. 

5) The simulated performance is then used to reiterate the 
machine and power conditioner designs. 

6) Steps N5 are repeated until the opumum machine- 
power conditioner design for- the given specifications and 
constraints is found. 

This design procedure eliminates much of the guesswork 
out of the design process, and at the same time provides better 
accuracy than less sophisticated methods commonly used at 
present. 

The usefulness of this modeling technique in the design 
process can best be illustrated by an actual design example. 
Specifically, this approach was applied to the analysis of a new 
design for a radially oriented permanent magnet synchronous 
machine for electric vehicle applications. In this proposed ma- 
chine, use is made of cheaper fernte permanent magnets for 
the magnet structure as an alternative to the more expensive 
samarium cobalt permanent magnets used in the aforemen- 
tioned 15-hp prototype motor. 

This proposed ferrite machine must conform to similar 
performance specifications required of the samarium cobalt 
^mt described earlier. That is, the machine must have a 15- 
*hp continuous 2-h rating and a peak 1-min rating of 35 hp. 
The machine is connected to a current-source power condi- 
tioner which has an absolute maximum current rating of 400 
A due to the transistor switches. This conditioner is energized 
from a 120-V dc battery supply. The desired speed at rated 
conditions is 9000 r/mm; however, this rated speed does not 
represent one of the design constraints and can be adjusted to 
higher or lower values if required. 

A first cut design of this machine consisted of an 18-slot 
stator and a 6-pole rotor structure. The pole pieces were de- 
signed using M8 ferrite mag/.ets with a residual induction of 
3.85 KG and 3.25 KG at 20°C and 100°C, respectively. The 
initial three-phase winding consists of 12 series turns pti 



Fig. 9. Finite element discretization ot the territe machine. 



Fig 10. Finite element-determined no-load flux distribution in the 
territe machine. 

phase. The fractional slot winding of the samarium cobalt 
machine was abandoned uuc to the higher fabrication costs 
involved with such windings. The calculated line-to-line induct- 
ance of this configuration was 173.2 /uH. 

In order to predict the performance of this preliminary 
machine design, it was necessary to obtain accurate back 
EMF’s for the machine-power conditioner network model 
This was accomplished by means of a finite element solution 
for the magnetic field distribution inside the machine at no- 
load, as described in [Ij. The finite element grid used to 
discretize the cross section of the ferrite machine is given in 
Fig. 9. The corresponding no-load flux distribution, assuming 
a worst-case magnet temperature of 100°C, is given in Fig. 10. 
The radial air-gap flux density profile was then obtained using 
the procedure outlined in [1] . This profile is given in Fig. 1 1 
over one electrical cycle. Notice that the peak air-gap flux 
density for the ferrite machine is only 16 000 lines/in 2 com- 
pared with 50 000 lines/in 2 for the samarium cobalt machine 
[IM2),(3J. 

Once the air-gap flux density profile is known, the back 
EMF’s are obtained in terms of a Fourier series using a proce- 
dure given in [I ] , [2) , and (3) . Since a fractional slot winding 
is not used in this case, it was decided to examine the effects 
of stator slot skewing on the back EMF's in order to eliminate 
harmonics as well as to reduce the tendency for cogging. The 
impact of skewing was accounted for by means of a skewing 
factor [14J . The finite element calculated back EMF wave- 
forms corresponding to a skewing factor of zero, one half, 
and one slot pitch are given in Figs. 12, 13, and 14, respec- 
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Fig. 1 1. F inite element-determined no-load radial air-gap flux density 
profile of the ferrite machine. 
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Fig. 12. Finite element-determined no-load back EMF profile of the 
ferrite machine with no skewing. 



I ig. 13. Finite element-detei mined no-load back EMF profile of the 
ferrite machine with half-slot pitch skewing. 



I ig 14. Finite element-determmed no-load back EMF* profile of the 
ferrite machine with one-slot pitch skewing. 
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TABLE 11 

finite element-determined peak phase-toneutral 
Back emf voltage sensitivities < v/mech. rad/s) of 
thf, Ferritf Machine 


\ 

I 

1 

Amount of Slot -Sleeving i 

None 

Half Slot j Fu]l Slot 
Pitch Pitch 

! 9 Turns 
per Phase 

0.06095 

0.05230 j 0.04954 

12 Turns 
1 per Phase 

0.08127 

■ 1 t 1 ' 1 

0.06973 j 0.06605 


TABLE III 

Ferrite Machine simulation results 



Simulation Run Identification ! 

Run til 

Run 92 i Run 93 

Run #4 

Run #5 j 

Speed [rpml 

8000 

9000 j 9000 

9500 

10000 ; 

Series Turns 
[ Per Phase 

12 

9 9 

9 

9 i 

Line to Line ] . ... 

Inductance I pH] i 

1 i 

92.8 f 92.0 , 92.8} 92.8} 

CouButation Advance 
ielec. deg. ] __ 

0 

o 

o 

o 
<— 1 

o 

Peak Phase 
Voltage f V ] 

63.3 

. 

43.41 43.4 

45.0 

48.2! 

Peak Phase 
Current r A ] 

30,0 

— 

287.4 

L_ 

3^6.1 

307.6 

272. 2i 

Peak Electro- 
magnetic Power [hp 1 

4.0 

— 

25.9 

38.7 

_i 

36.3 

33. 8| 

Skewing 

None 

1 slot 

~ 1 
1 slot 

1 slot 

1 slor 

Current Command 

JA1 

400 

400 

400 

400 

! 

400 j 


tively. Inspection of these figures clearly demonstrates the 
harmonic filtering effects produced by skewing. The peak 
voltages per mechanical radian per second for these three 
cases are given in Table II for windings with 9 and 12 series 
turns, respectively. 

These back EMF profiles were used as input forcing func- 
tions to the combined machine-power conditioner system 
model in order to predict the system response to changes in 
the following system parameters: 1) winding inductances (9 
and 12 series turns per phase); 2) stator slot skewing; 3) com- 
mutation advance angle; and 4) machine speed. 

The commutation advance angle is the relative displace- 
ment between the peak of the fundamental of the phase cur- 
rent and the peak of the fundamental of the phase back EMF. 
Zero commutation advance means that the two peaks have 
zero displacement between them. An advance of 30 electrical 
degrees means that the phase current leads the phase EMF by 
30 electrical degrees. 

Five different simulation runs were made using the system 
model. These runs are designated run 1, run 5, and are 
given in Table III. The results of these runs; the phase current 
and the developed electromagnetic machine power are also 
given in this table. 

The first simulation, run 1 , was made with the high induct- 
ance winding (12 turns per phase), zero commutation advance, 
and no skewing. Under these conditions, a peak developed 
electromagnetic power of only 4 hp was well below the re- 
quired 35-hp peak rating. This is due to the fact that the 
phase-current steady-state value dropped from an initial value 
of 150 A to a final value of only 30-A peak at a constant 
machine speed of 8000 r/min, as shown in Fig. 15. This rapid 
decay of the machine curent is due to the fact that the rec- 
tangular phase currents, produced by the current-source 
inverter, see Fig. 1 , produces discretely forward stepping arma- 
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Fig. 15. Simulated current decay in the ferrite machine for simula- 
tion run 1. 
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Fig. 1 7. Simulated current buildup in the ferrite machine for simula- 
tion run 2. 
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Fig. 16. Simulated developed electromagnetic power of the ferrite 
machine for simulation run 1. 


o wean advance 

Fig. 18. Simulated developed electromagnetic power of the ferrite 
machine for simulation run 2. 
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ture MMFs [1], [2], [3], This means that the field picture 
inside the machine must change almost instantaneously to 
follow the nearly instantaneous change in the armature cur- 
rents at the six switching point.* during an ac cycle (Fig. 1). 
Obviously, the rate at which these currents can change is 
limited by the inductance of the winding. Therefore, as the 
machine speed (and hence inverter frequency and magnitudes 
of back EMF’s) increases, the amount of current buildup during 
the decreasing period of an ac cycle drops dramatically, as 
displayed vividly in Fig. 15. This drop in the phase current 
produces a corresponding drop in the developed electromag- 
netic machine power, as shown in Fig. 16. This inductance 
limiting effect is much more severe in systems of this type 
than in machines with sinusoidally time-varying currents. Con- 
sequently, applying classical frequency domain-type analysis 
to such devices can only lead to gross errors in the prediction 
of the performance. 

To alleviate this current limiting, a second winding design 
consisting of nine series turns per phase, which reduces the 
inductance almost in half, was analyzed. Four additional 
simulation runs (runs 2, 3, and 4) were made (Table III). In- 
spection of the results of these four simulations reveals that 
reducing the inductance nearly in half (and hence dropping the 
EMF's by 25 percent) produces nearly an order of magnitude 
difference in the maximum machine output. This is clearly 
illustrated in Figs. 17 and 18, which show the current and 
power buildup, respectively, corresponding to an initial phaise 
current of 150 A and a machine speed of 9000 r/min. The 
current, and hence machine power, at this speed can be 
increased e’'en further by initiating the phase-current buildup 
when the opposing EMF is zero (commutation advance of 30 
electrical degrees), as shown in Figs. 19 and 20. The penalty 
for this is increased torque or power ripple, which can be 
clearly seen by comparing Figs. 18 and 20. 
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Fig. 19. Simulated current buildup in the ferrite machine for simula- 
tion run 3. 



30 DKCUt ADVANCE 

Fig. 20. Simulated developed electromagnetic power of the ferrite ma- 
chine for simulation run 3. 

The fourth ^nd fifth simulation runs demonstrate the 
trade-offs between machine speed (or EMF) and maximum 
current and power. These trade-offs are very critical in tran- 
sistorized power conditioners, where the peak currents must 
be held below a certain threshold value to prevent device 
failure. 

This design example demonstrates the usefulness of this 
modeling approach in the design evaluation process in point- 
ing out windings with suitable inductance values which permit 
fulfilling the specified machine output. The cost of a typical 
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simulation (constant speed) run is $7.87 and requires 74 s of 
central processing unit (CPU) time on an IBM 3032 digital 
computer. For this modest expenditure of computer resources, 
the engineer obtains plots of all 23 branch voltages, currents, 
and powers versus time, a plot of all logic signals versus time, 
as well as plots of many other variables as specified by the 
user. 

CONCLUSION 

A modeling approach, which combines the finite element 
method for machine parameter determination with a discrete 
time machine-power network model, was successfully applied 
to the simulation of solid-state operated, radially oriented 
permanent magnet synchronous machines. The approach was 
applied to the simulation of a 15-hp samarium cobalt syn- 
chronous machine connected to a current-source power condi- 
tioner, which was designed, built, and tested for use in elec- 
tric vehicle propulsion. Excellent agreement was obtained be- 
tween computer and measured voltage and current waveforms 
throughout this system. 

The model was then applied to the design of a similar 
system using less expensive ferrite permanent magnets. The 
effects of winding inductance, stator slot skewing, and advanc- 
ing the firing or commutation angle were thoroughly analyzed. 
The results of this analysis clearly demonstrated the inade- 
quacy of classical frequency domain-type approaches to such 
problems. Furthermore, it was shown that this totally digital 
approach produces results rapidly and is inexpensive to use, 
thereby freeing the designer from many tedious hand cal- 
culations and guesswork, and at the same time providing 
valuable insight into the behavior of such devices during the 
design piocess. 
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DIGITAL SIMULATION OF POWER CONDITIONER-MACHINE INTERACTION FOR ELECTRONICALLY COMMUTATED 

DC PERMANENT MAGNET MACHINES 

T. W. Nehl, Member F. A. Fouad, Meiaber N. A. Demerdash, Senior * nbpr 

Abstract - The electromagnetic interactions be- i) The impact on the induced machine EMF , 

tween a transistorised chopper-inverter power condi- ing the stator core by zero, one half, and one )W t * 

tioner and its associated permanent magnet machine is pitch. This is determined by means of the fin* 

analyzed digitally by an experimentally verified time ment method as detailed in references (A) and . * 

domain state model. The model is applied to the design will be shown that, for non-fractional slot win 

of a system based on a ferrite type machine. The im- skewing greatly reduces the harmonic content o! ’ 

patr on the overall system performance of skewing the EMF and thus reduces losses, noise, and the te-.^ncv 

stator core to reduce the harmonics in the induced for cogging. 

machine EMF is determined using this model. The EMF 2) The combined effects of the machine 

waveforms for zero, hai* , and one slot pitch skewing ances and EMF waveshapes, for the above three \ j* 

are determined by finite element analysis of the fields skewing, on the overall system performance is : r,. r . * 

inside the machine. Furthermore, the impact on the mined using the system state model, 

system performance of varying the commutation angle to 3) The effect of varying the confutation ns;?- . 

overcome inductance caused performance limitations is machine performance for the three cases of ske< 
examined for each of the three cases of stator skewing. studied. 

INTRODUCTION MODEL DESCRIPTION 


Electronically commutated permanent magnet dc 
machines are finding Increasing use as primemovers in 
actuation, industrial drives, and vehicle propulsion. 
When operated from square wave current source power 
conditioners, such machines .xhibit armature MMFs which 
rotate in discrete steps or mps of 60 electrical de- 
grees each. For this reason, frequency domain type 
models based on smoothly rotating MMFs are inadequate. 
In this paper, a discrete time model of such a machine 
power conditioner system. Figure (1), which includes 
the voltage drops across the power switches, references 
(1) through (3), Is used, in conjunction with machine 
parameters determined by finite elements (FE), refer- 
ences (A) and (5), to simulate the dynamic interactions 
between the machine and its associated power condition- 
er, during the design process of a 15 HP, 120 V ferrite 
n«"*nanent magnet brushless dc machine. This system was 
designed as a prime mover for the propulsion of elec- 
tric passenger vehicles. In this paper three aspects 
of this design process will be analyzed in detail, 
namely: - oc 

CAmrjTO* 



Figure (1) Schematic of tbe Machine-Power 
Conditioner Unit. 
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The ferrite based machine-power condi t lom-'* ,vs: : - 
analyzed here consists of a current chopper in 

with a three phase inverter-converter bridge. us 
power conditioner is in turn connected to the : ree 
phase permanent magnet machine as shown .schema;; allv 
in Figure (1). This entire system is represent c dv u 
nonlinear state model, reference (3), as folio;. 

X*Ax+J[ju ,i, 

and Y » C £ ♦ D u (:) 

where x is the vector of state variables, 

u is the vector of forcing functions, 

A,J3 are nonlinear coefficient matriet 
Y is the vector of output variables 
^branch currents, voltages, etc.), md 
£,£ are nonlinear coefficient matrices. 

The nonlinearity is due to the fact that the status vt 
the diodes and transistors Is simulated by low resis- 
tances during conduction and high resistances during 
the off state. The status of the transistors j deter- 
mined by boolean logic which simulates the actual con- 
trol logic of the system. The status of the aicdes is 
determined after each time integration by an iterative 
procedure which sets the diode resistances ace rding :: 
the voltages across these devices. 

This model has been successfully applied 1 jot 1 ? 
an electromechanical actuator for flight contr 1 ipp~«~ 
cations and to an electromechanical propulsion mit 
electric vehicles with excellent agreement bet os- 
cillograms and computer simulated waveforms, ^ierento 
(1) through (A). For the sake of completeness * sasp.t 
of these results is Included here in Figures O Jnd 
for a similar electric vehicles propulsion unit that 
lias the same performance specifications but um.-s a 
samarium cobalt based machine. Examination >: these 
figures reveals excellent agreement between the simu- 
lations and test. Further comparisons are giv^n ir i m * 
references mentioned above. 



Mciusmme cm* 

Figure (2) Oscillogram and Computer Simuiutee 
Waveforms of the Phase Current at 
16 HP of the Samarium Cobalt V.ichia** 
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r uurL J) Oscillogram and Computer Simulated 

Line to Neutral Phase Voltages at 16 
HP of the Samarium Cobalt Machine. 


Th^ nndel wil 1 now be used to assess the impact 
stator >iot skewing and commutation angle on the 

tern performance of a new ferrite based de- 


app: nation of model to the ferrite machine 


:ia of dewing the Stator Core on the EMF 

The i^rrite machine consists of an 18 slot, three 
. s » arm i r ure winding and a 6 pole, ferrite permanent 
r "1 1 r« ■ : »r structure. Since there is only one slot 
- >.U i nr phase one expects a large harmonic content 
:ne lJioiiL i'd phase voltages. These harmonics increase 
-agm tude of the torque pulsations and they tend to 
st L hi buildup of phase currents at heavy loads. 
.::norm^r, , the even number of slots increases the ten- 
of ! tie machine to cog due to the variable reluct- 
< ben riMi the stator and rotor. 

I:i orler to reduce the EMF harmonics and the ten- 
, ’.;v for ogging, it was decided to explore the possi- 
. ,i:v ot skewing the stator core over one half and one- 
... bint ;> itch. The induced phase to neutral EMF was 
■ ermine* b*' a two dimensional nonlinear finite element 
...0 solution over the cross-section of the machine as 
. - :ribei. in references (4) and (5). The effects of 
^wing w» re accounted for by means of harmonic skewing 
:urs .r-pl ltd to the flux lin- ^e per phase, see 
' - rer. k ■ (")) and (6) . 

Figures (4-A) through (4-C) display the predicted 
^ t; neutral EMF for the ferrite machine for zero, 

' 1 ’ lot pitch, and one full slot pitch skew, re- 

•. 'tiVvi'. Notice the large third harmonic component 
* :h» -mskewed stator core. Increasing the skew of 
M.i r iorc to one slot pitch results m an almost 




i A A A A A A. !' 

i ' ■ i 1 1 1 1 

I / , i 


I I J 

i . : 

; 

- (4) Phase to Neutral Open Circuit Voltage 
Waveform for a) No Skewing, o) Half 
Slot Pitch Skewing, c) Full Slot Pitch 
Skewing. 




sinusoidal EMF waveform, Figure The 
these different stator cores .)n the overall 
formances will be determined next. 


effects of 
system per- 


Effect of Stator Skew and Commutation Advance on t he 
Overall Machine-Power Conditioner Performan ce 

The three EMF waveforms given in Figure (4) were 
used as forcing functions for the system state model 
described earlier. The system performance was then 
obtained for the three cases of skewing with lomutation 
advances of 0° and 30° electrical, respectively <zt a 
machine speed of 8000 rpm and a bat ter \ voltage ot 100, 

A commutation advance of 0* means that the phase cur- 
rent is injected 30 electrical after the zero crossing 
of the no load phase EMF. A commutation advance ot 30° 
electrical refers to tne injection of the phase current 
at the instant of zero crossing of the EM^. Advancing 
the conanutation allows a larger buildup of current dur- 
ing heavy loading since the motor voltage opposing the 
current buildup is reduced. Commutation advance is of 
particular importance in square wave, current source 
type inverters since the stator MMF jumps in discrete 
steps at the six commutation points in an ac cycle. 

Plots of the instantaneous machine phase currents 
and electromagnetic torques for skewing of zero, one 
half, and one slot pitch, all with zero commutation ad- 
vance are given in Figures (5) through (7). Inspection 
of these Figures reveals that thj torque ripne is re- 
duced by 50 percent as the skewing of the stator in- 
creases from 0 to one slot pitch. The reduied EMF 
harmonics, as skewing is increased, also allows the 
current to buildup to larger values, as demonstrated by 
the current waveforms, from 201 to 227 Amperes (peak). 

The effects of the commutation advance on the 
three cases is clear lv evident by comparison between 
Figures (5), (6), and (7) and the corresponding three 
cases with commutation advance of 30° electrical given 
in Figures (8), (9) and 0°), respectively. In all 
three cases, significant increases in the phase current 
were realized by advancing the commutation bv 30 * elec- 
trical. An increase in the current buildup ot up to 
287 Amperes (peak) is demonstrated. The one negative 
zspect of advancing commutation is the increase tr. 
torque ripple which is clearly evident m these figures. 


CONCLUSIONS 


The impact or skewing the stator core of .* ternu. 
permanent magnet machine on the overall periurmance of 
an electronically commutated brushless propulsion sys- 
tem for electric passenger vehicles was determined. It 
was found that skewing the c^re by one slot pitch re- 
duced the torque ripple by 50 percent. Furthermore, it 
was found that the machire phase currents reached 
values higher by more than 13 percent for the skewed 
stators. 

The Impact of advancing the commutation to aid 
current buildup under heavy loads was also determined. 
It was found In all cases that advancing the commuta- 
tion significantly increaseo the maximum level of the 
phase current by as high as 44 percent. Rased on these 
results a new prototype ferrite permanent magnet brush- 
less dc machine was constructed and is currently under- 
going testing. 
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Figure (5) Machine Phase Current 
and Electromagnetic Torque, Un- 
skewed Stator, Zero Cotamutatiun 
Advance. 


Figure (6) Machine Phase Current 
and Electromagnetic Torque, Stator 
Skewed One Half Slot Pitch, Zero 
Commutation Advance. 


Figure (7) Machine Phase Curn r,t 
and Electromagnetic Torque, St./ or 
Skewed One Slot Pitch, Zero Com- 
mutation Advance. 
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Figure (8) Machine Phase Current 
and Electromagnetic Torque, Un- 
skeved Srator, 30° Commutation 
Advance. 
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Figure (9) Machine Phase Current 
and Electromagnetic Torque, Stator 
Sk*v*d On* Half Slot Pitch, 30° 
Commutation Advance. 



Figure (10) Machine Phase Current 
and Electromagnetic Torque, Staler 
Skewed One Slot Pitch, 30° Com- 
mutation Advance. 
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Abstract 

A discrete time model for simulation of the dynamics of samarium 
cobalMypc permanent magnet brushless dc machines is presented. 
The limitation model includes modeling of the interaction between 
these ik ic bines and their attached power conditioners. These are 
transistorized conditioner units. This model is purl of an overall 
discrete-time analysis of the dynamic performance of elec- 
tromechanical actuators, which was conducted ns part of prototype 
development of such actuators studied and built for NASA -Johnson 
Space Center as a prospective alternative to hydraulic actuators 
presently used in shuttle orbiter applications. The resulting 
numerical simulations of the various machine and power condi- 
tioner current and voltage waveforms gave excellent correlation to 
the actual waveforms collected from actual hardware experime n tal 
testing. These results, numerical and experimental, are presented 
here for machine motoring, regeneration and dynamic braking 
modes. Application of the resulting model to the determination of 
machine current and torque profiles during closed-loop actuator 
operation were also analysed and the results are give* here. These 
results are given in light of an overall view of the actuator system 
components. The applicability of this method of analysis to design 
optimization and trouble-shooting in such prototype development is 
also discussed in light of the results at hand. 
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The bulk of the simulation models and studies of 
solid-state power conditioner-fed electrical machines 
were based on either steady-state phasor -equivalent 
circuit concepts or hybrid-analogue simulation of 
power conditioner-machine dynamics. Details of these 
studies can be found in the literature in references 
such as [1] through (10). These methods were proven 
useful in many cases. However, there are other ap- 
plications in which a totally digital approach with an 
abandonment of the bulk of classical steady-state 
machine theory concepts may prove more advan- 
tageous. The work reported on in this paper lies 
within such a category where these authors believe a 
digital approach is most suitable. 

In this paper the ingredients of an instantaneous 
machine-power conditioner dynamic modeling ap- 
proach are given. This approach is part of an overall 
electromechanical actuator (EMA) model which is to 
be reported on in forthcoming papers. The power 
conditioner-machine (PCM) modeling approach is 
used in the development of an instantaneous simula- 
tion model to predict the transient performance of a 
power conditioner (PC) fed samarium-cobalt perma- 
nent magnet brushless dc machine. Features of this 
PCM prototype and the accompanying EMA system 
are given in the following sections. 

Numerical results of this simulation model reveal, 
when compared with experimental test data collected 
from the EMA-PCM prototype, a high degree of cor- 
relation in both amplitudes as well as profiles of 
various instantaneous currents and voltages. 

Results of this analysis presented here include also 
the determination of motor torque and dc line current 
profiles during normal closed-loop actuator applica- 
tions. 

Overall System Description 

The 17-hp, 270-V, 8-pole, 9000 rpm biushless dc 
motor, subject of this paper, was built as a prime 
mover in an EMA system. This system was manufac- 
tured for the NASA-Johnson Space Center for the 
purpose of studying possible replacements of present 
hydraulic actuator systems in aerospace control ap- 
plications. The main incentives for such an actuator 
replacement are weight and volume reductions, in- 
creased reliability, facility of maintenance, reduction 
of fire and toxicity hazards, controllability as well as 
possible economic benefits. 

The EMA for which this motor was built consists 
of four independent servo loop channels, a functional 
block diagram of which is shown in Fig. 1 . Each 
channel consists of a low-level control electronics 
(LLCE) package, an electronic power conditioner 
(PC) which consists of a chopper inverter arrange- 
ment, a PC -fed 17-hp permanent magnet-three phase 
stator wound brushless dc machine and a gear box 


IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. AES-16, NO. 6 NOVEMBER 1980 


343 


811 



Fig. I. Functional block diagram of EMA. 
“ig. 2. Cross section of EMA motor. 



assembly which couples the active (rotating) motor 
outputs to a common hinge output actuator shaft. 

Description of Machine and Power Conditioner 

Of particular interest in this paper are the instan- 
taneous dynamic performance of the machine-pow,cr 
conditioner portion of each channel and the means of 
digitally simulating such performance. A salient 
feature of this 17-hp motor is the 24-slot 7-mil 
vanadium-permendur laminated stator structure hous- 
ing the three-phase PC-fed stator winding. This is a 
sealed stator assembly which can allow the circulation 
of a coolant fluid through the partially filled stator 
slots [11, 12]. Another salient feature of this motor is 
the 8-pole samarium-cobalt permanent magnet rotor 
structure. This rotor assembly consists of 48 blocks (6 
blocks per pole) of 18 MOO samarium-cobalt material 
mounted on an octagonal rotor shaft. The magnet re- 
taining scheme consists of fiber glass banding cured in 
epoxy compounds. A cross-sectional view of the rotor 
and stator is given in Fig. 2, while a photograph of 
the actual rotor is given in Fig. 3. Under rated 17 hp, 
9000 rpm conditions this motor produces an output 



Fig. 3. Assembled rotor. 

Fig. 4. Power conditioner machine schematic. 



torque of 13.558 N-m (120 lb-in) at a rated line 
voltage of 270 V and a dc line current of 60 A. 

The power conditioner shown schematically in Fig. 
4 consists of an input filter (capacitor), a combination 
series/shunt type chopper for dc line current 
magnitude limiting and control, a chopper inductor, 
and a configuration of six transistor-diode switches 
which form the three-phase inverter/converter bridge. 
This bridge has a capability of allowing the machine 
to function in three modes of operation, namely, 
motoring, plugging (dynamic braking), and 
regenerative braking, in both the forward and reverse 
rotational direction for each. Also shown in Fig. 4 is 
the current path through which the conditioner and 
machine during one of the six switching states which 
take place during motoring. 

Shown in Fig. 5 in idealized form are the A, B. 
and C machine phase currents during a forward 
motoring mode. These phase currents, with their 
block (rectangular pulse) nature, produce a stepping 
(hopping) armature (stator) at each inverter switching 
instant. This magnetomotive force (MMF) stepping 
occurs every 60 electrical degrees, as demonstrated 
schematically in Fig. 5 for this 17-hp machine cor- 
responding to points (I) and (2) before and after a 
switching instant, as marked in the idealized currents. 
Torque is produced as a result of this angular 
displacement between the position of the peak of the 
armature MMF and the corresponding position of the 
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peak of the rotor MMF (the rotor MMF is produced 
by the permanent magnets). This torque is propor- 
tional in magnitude to the product of the two MMF 
amplitudes and the trigonometric sine of the angular 
displacement between the two MMF peaks (18). The 
torque angles between the stator and rotor MMFs are 
depicted at the beginning and end of a switching state 
in Fig. 6. The expected motor torque profile is also 
shown in the figure. This predicted profile will be 
confirmed in the results of this dynamic simulation 
given in this paper. Accordingly, the rotor is forced 
into a rotational motion in a direction which tends to 
decrease the angular displacement between the two 
peaks (rotor MMF tries to follow armature MMF). 
This continue.* until the next switching instant, at 
which time the armature MiVih moves forward in a 
discrete stepping fashion as explained earlier. This in 
turn maximizes the angular displacement between the 
two MMFs, and increases the torque, and the process 
of rotor motion is repeated to diminish this angular 
displacement. This results in a pulsating torque profile 
versus angular rotor position (or time) such as 
demonstrated schematically in Fig. 6. 

The initiation of switching of the inverter trans- 
istors is accomplished by means of low-level logic 
signals generated! by a rotor position sensor (RPS). 

The RPS-generated signals insure a switching sequence 
which guarantees that the armature MMF would re- 
main leading the rotor MMF (magnets) in the direc- 
tion of motion during the motoring mode, while the 
opposite is the case during the plugging mode. The 
RPS sensors are part of the LLCE depicted 
schematically in Fig. 1 . Another key element in the 
LLCE package is a dc line current sensor which is 
used to control the duty cycle of the chopper tran- 
sistors (on/off periods) in accordance with the torque 
(or current) commands. It is important to note that 
for this class of machines the average electromagnetic 
torque is linearly proportional to the magnitude of the 
average dc line current. Hence in this case, current 
commands and torque commands are synonymous. 

Machine-Power Conditioner Modeling Approach 

This model is used to predict instantaneous 
machine currents, voltages, torques, speeds, as well as 
instantaneous voltages, currents and power dissipation 
thr< jghout the various components of the PC. It also 
gives the instantaneous values of the various control 
signals throughout the EMA system. Therefore, this 
model is not to be confused with any frequency do- 
main type approaches for prediction of EMA 
dynamics. The state-space discrete time approach [1J) 
is utilized throughout. This includes the machine 
model, the PC. the control system, and the rotating 
masses. 

The model, in its present form offers the capabil- 
ity of simulating the entire closed-loop operation of 
the EMA. This is accomplished by means of a 
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Fig. 5 Armature (stator) MMF immediately before and after a 
switching instant. 

Fig. 6 Torque angles and torque profile due to conditioner switch- 
ing 
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Fig. 7 Functional block diagram of overall EMA in 
single-channel format. 

Fie S Po*er conditioner machine network graph. 



fourteenth-order state variable model. The model was 
used in obtaining instantaneous values of the system 
state variables in response to a given input position 
command (step, ramp, etc.). In this simulation the 
dynamics of all the major components of the EMA 
are included. An overall block diagram representation 
of the components of this model and their interactions 
is depicted in Fig. 7. Further details on the complete 
EMA model will be given in forthcoming papers. 

Also, |11] contains details of this portion of the 
study. 

Representation of Components of the 
Power Conditioner 

An essential element of the composition and 
development of this model is the representation of in- 
dividual components in the PCM network. All tran- 
sistors are represented by nonlinear resistances. These 
resistances assume extremely low values to simulate 
the "on” states for such devices. The value of this 
resistance is based upon the collector-to-emittcr 
voltage drop at rated transistor current. Likewise, ex- 
tremely high values of resistances are used to simulate 
the "off” state of such transistors. 

Diodes are remesented by similar nonlinear resis- 
tances which assume extremely low values during for- 
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ward bias (based on the voltge drop across a diode at 
rated current), and extremely high values during 
reverse bias. 

Other discrete components of the PC arc the input 
filter capacitor which is represented as a time in- 
variant capacitance, the battery which is modeled as 
an ideal emf source in series with a resistance which 
represents the internal ohmic dissipation in the bat- 
tery, and the chopper inductor which is represented as 
a nonlinear time variant inductance whose value is 
dependent upon the saturation status in the inductor 
core. This time-variant inductance is therefore depen- 
dent upon current through the choke winding. 

Machine Representation 

In this model, each phase is represented with its 
leakage inductance in series with the active self and 
mutual components of the phase inductance, where 
the active self and mutual inductance voltage drop is 
nothing other than the induced back emf due to the 
resultant flux distribution linking the stator windings. 
Further, in series with this emf-leakage inductance is a 
resistance representing the ohmic dissipation and 
voltage drop in each phase. 

Power Conditioner-Machine Network State 
Equations (PCMNSE) 

Substitution of the component models described 
above in the PCM schematic of Fig. 4 yields the 
nonplanar network graph shown in Fig. 8. This net- 
work is nonlinear because of the inherent 
nonlinearities in the component characteristics as 
detailed above. 

The heavy-lined branches in this figure represent 
the twigs of the chosen tree. The thin-lined branches 
belong to the cotree, see [14], The assumed direction 
of the current in each of these branches is indicated 
by a solid arrow for the twigs, and by the outline of 
an arrow for the links. The sense of the branch 
voltages with respect to the assumed current orienta- 
tions is determined by employing the consumer (load) 
system of notation. 

For purposes of identification, each branch is 
characterized by two different labels; a branch label 
and a branch component label. The branch label iden- 
tifies the branch number and is denoted by the prefix 
B and the branch number. For example, Bl denotes 
branch one. The component labels are identified by 
the prefixes C, E, L, and R (capacitor, emf, inductor, 
and resistor) and the component number. In addition 
to the branch labels, each node is identified by the 
prefix N and the chosen node number. Node NO is 
taken to be at ground or zero volts potential and is 
therefore used as the reference for the other node 
voltages. 

Branch currents are denoted by the prefix IB 
followed by the approbate branch number. For ex- 
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Similarly, the branch voltage is symbolized by VB16. 
The state variables for this network are the branch 
voltages of the twig capacitors and the currents 
through the link inductors. This corresponds to VB5, 
JB21, 1B22, and IB* 1. 

Standard graph theory techniques [14] were ap- 
plied to this network, from which one obtains a 
system ol first-order differential equations whose 
coefficients are nonltner (chopper inductor, back 


of equations can be written in abbreviated matrix 
notation as follows: 

F, • x, = G. • x, + //„ • u. . 


( 1 ) 


In expanded form, following the branch current and 
voltage notations explained above with reference to 
Fig. 9, (1) can be rewritten as follows: 


Cl 
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0 

a 
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El 
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0 0 0 0 


E2 
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E3 

10-1 0 


E4 


( 2 ) 


Equation (1) was transformed to the standard state- 
space format by premultiplying equation (1) by the in- 
verse of F . which gives: 


x. = (K'>G.)>x. + {K l • //„)•«. 
where F n ' is given as follows: 


( 3 ) 


' X 

'b 


4* 


Ji . 1 


r: = 
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TABLE I 

Summary ot Experimental Test Cases 


mode ol operation 

motor speed 

ICMDs amperes 


in rpm 


Motoring (forward) 

4500, 5000, 5025 

41.5, 31.5, 32.5 

Regenerating (forward) 

5101 

-28.0 

Plugging (forward) 

240 

32.0 


PHASE A MACHINE CURRENT CIAI 




Fig. 9. (A) CSWF of machine phase A current during forward 
motoring. Speed 5000 rpm, ICMD 31.5 A, and 30° commutation 
advance. (B) Oscillogram of machine phase currents during forward 
motoring. Speed 5000 rpm, ICMD 31.5 A, and 30° commutation 
advance. 

In this final formulation of the PCM model, all 
matrix manipulations were carried out in explicit 
parametric symbolic form in order to minimize com- 
putational effort and time. This is the case since a 
number of these coefficient matrices have to be up- 
dated at every increment for which the network 
parameters' values change. 

The discrete-time solution approach was based en- 
tirely on a modified exponential series (state-space) 

348 

816 


method [19]. Thus the PCM model was put in the 
form .r = A • x + B • w, where the values of the 
state variables at the {K v 1 )th time instant are 
related to the values of the state variables at the (A )th 
time step by the state transition matrices <Mt) and 
0*(t) as follows: 

*(**♦■) - <&*(t) •*(/*) + 0*(t) •«(/*) (5) 

where t is the chosen time increment. Here, one must 
reemphasize that the matrices 4>* and 0* may be 
reevaluated at every instant k in the time solution, 
depending on the status of changes in the network 
parameters. These parameters are in turn functions of 
the state variables and switching commands as out- 
lined earlier. 

This approach was used in conjunction with a 
solution algorithm which is detailed in [11] and [12] as 
well as [19]. In this algorithm successive nerementa- 
tion of time takes place over the transient period 
under consideration accompanied by nonlinear net- 
work iterative techniques to ascertain the status of all 
the diodes in the network. In the following section, 
results of practical application of this algorithm are 
compared with corresponding experimental test data 
obtained from the actual EMA hardware. 

Comparison Between Numerically and Experimentally 
Obtained Performance Data 

A number of conventions must be established to 
facilitate the comparison between experimental and 
numerical data included here. It will be agreed upon, 
in this paper, that the time origin in all the waveforms 
included here is at the farthest left-hand side of the 
figures. The edge of a positive half waveform closer 
to the time origin will be referred to as the “leading 
edge.” On the other hand, the edge of a positive half 
waveform farthest from the time origin will be refer- 
red to as the “trailing edge.” The computer simulated 
waveforms for various currents and voltages which 
were obtained using the model presented in this paper, 
will be referred to by the abbreviation CSWF. It 
should be pointed out that various CSWFs and their 
corresponding oscillogram counterparts have been ob- 
tained under slightly different operating conditions 
(speed, current, command, etc.). This is because of 
the fact that these investigators had no direct control 
over the experimental test procedures and conditions, 
since they were performed at a different facility. 

The PCM model is verified by comparisons of 
CSWFs with actual oscillograms obtained from tests 
performed on the EMA. These comparisons art made 
for modes of operation, speeds and dc line curreiir 
commands, ICMDs which are summarized in Table l 
for the actual test conditions. 

Fig. 9(B) shows experimentally obtained oscillo- 
grams of the machine phase currents at a speed of 
5000 rpm and with a commutation advance of 3C elec- 
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ing forward motoring. Speed 500 rpm t ICMD 31.5 A, and 30° 
commutation advance. (B) Oscillogram of current through Q2-D2 
inverter switch during forward motoring. Speed 5025 rpm, ICMD 
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32.5 A, and 30° commutation advance. 

trical degrees. Examination of the current waveforms 
reveals the same characteristic overshoot and under- 
shoot at the leading and trailing edges of the 
oscillogram and the CSWF given in Fig. 9(A). The 
positive peaks of the current oscillograms shown in 
Fig. 9 are indicated by an X on the corresponding 
CSWF. Both the oscillogram and the CSWF display 
the same chopper frequency of 9 peaks per haif cycle. 
Notice also the two slope current transient present in 
both cases in the middle of the positive and negative 
current cycle. This c*n be attributed to the switching 
“on” of diode DR shown in Fig. 4 during commuta- 
tion. 

Figure 10(B) depicts the oscillogram of the current 
through one of the transistor-diode switches in the six- 
legged inverter-converter bridge leading to the 
machine phases. A corresponding CSWF is given in 
Fig. 10(A). Excellent correlation between the various 
ripples and pulses in the oscillogram and the CSWF 
are self-evident upon examining these Figures. Time 
congruence between the occurrence of the various rip- 
ples and pulses is also evident in these Figures. 


Fig. 11. (A) CSWF of IM during forward motoring Speed 5000 
rpm, ICMD 32.5 A, and 30° commutation advance. (B) 

Oscillogram of IM during forward motoring. Speed 4500 rpm, 
ICMD 41.5 A, and 30° commutation advance. 

Fig. 11(B) depicts the oscillogram of the main dc 
line current for a motoring mode. Notice the current 
dips which are occurring at regular intervals. The 
almost identical ripple and dip pattern is also evident 
in the CSWF given here in Fig. 1 1(A). Again the 
agreement between the numerical and test results is 
excellent. 

Fig. 12(B) gives the oscillogram of phase current 
for the generating (or regenerative braking) mode at a 
rotor speed of 5101 rpm, while Fig. 12(A) depicts the 
corresponding CSWF of one of ♦he three phase cur- 
rents at the same speed. Again agreement between the 
oscillogram and the CSWF is excellent. 

Fig. 13(B) depicts the oscillogram of the phase cur- 
rent obtained while the PCM was operating in the 
braking mode at a speed of 240 rpm. The correspond- 
ing CSWF for the same phase current is given in 
Fig. 13(A). Again, excellent correlation can be seen 
between the two waveforms. 
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Fig. 12. CSWF of machine phase A current during forward 
regeneration. Speed 5101 rpm and !CMD -38.0 A. (B) Oscillogram 
of machine phase current during forward regeneration. Speed 5101 
rpm and ICMD -38.0 A. 


A major performance characteristic which is a key 
in determining the dynamic performance of the motor 
is the developed electromagnetic (electromechanical) 
machine torque. This was calculated as the sum of the 
products of the phase back emf times the phase cur- 
rent for the A, B, and C windings, divided by the 
machine speed. The resulting transient electromagnetic 
torque profile is given in Fig. 14. As expected, the 
resulting profile gives a pulsating type torque with a 
nonzero average superimposed on which is a torque 
ripple of substantial magnitude. This confirms the 
earlier prediction associated with the variable torque 
angle between the armature and rotor MMFs, due to 
the “hopping” nature of the stator MMF. This is 
equivalent to a classical synchronous machine in 
which the torque angie varies in a cyclical fashion. 

This torque is a key component in the determina- 
tion of the overall EMA servo-loop performance to 
various input position commands. Results of this 
additional work have been reported on by these authors 
in (12] and will be expanded on and reported on in 
forthcoming papers. For instance, this present model 
can be used to predict the torque and dc machine line 
current throughout the duration following a step input 






Fig. 13. (A) CSWF of machine phase A currem during forward 
plugging. Speed 240 rpm, ICMD 40 A, and 30° commutation ad- 
vance. (0) Oscillogram of currem through phase B (top curve) and 
current through Q2-D2 inverter switch during forward plugging. 
Speed 240 rpm, ICMD 32 A, and 30° commutation advance. 


fla>/ position command. This is demonstrated in the 
profiles given in Figs. 15 and 16 for the machine cur- 
rent and torque including the effect of all components 
in the servo loop. Here, positive current and torque 
represent motoring mode, and negative values indicate 
regenerative or dynamic breaking, depending on 
machine speed. The profiles in Figs. 15 and 16 corre- 
spond to a step command of 2.75° mechanical in flap 
position. 

Based on the <et cf results presented above, and 
the excellent correlation between the digitally 
simulated and experimentally obtained data, one can 
see clearly the validity of the modeling approach 
presented here for the PCM package. This is a major 
incentive towards further application and use of this 
model in the simulation of desigr. modifications and 
new designs of this class of motors and power condi- 
tioners. This can save significant prototype production 
costs during optimization (design improvement). Also, 
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Fig. 14. Transient torque of r.<oior during forward motoring. 
Speed 5000 rpm, ICMD 32.5 A, and 30 6 commutation advance. 


this model can be used as a trouble-shooting tool as 
will be outlined in the next section, namely in trouble- 
shooting related to electrical transients in such a 
system. 

Use of Switching Logic Diagram in Diagnosis of 
Design Problems and Trouble-Shooting of Transients 

In studying the electrical transients which are pro- 
duced during the operation of such a PCM package, 
one is confronted with the extreme difficulties 
associated with the fast changing state (topology) of 
the network. This is due to the many electronic 
switching operations involved 

Upon examining the voltage and current 
waveforms throughout the machine-network combina- 
tion, one can easily spot spikes and pulses in such 
waveforms, where at first glance it is extremely dif- 
ficult to attribute such transients to their proper cause 
(source). To alleviate this difficulty of identification 
of the cause (source) of a specific transient, a logic 
diagram was computer plotted with the help of the 
present EMA-PCM model, Fig. 17, in which the 
status of the various on-off periods of all the switches 
and diodes in the network are given over the simula- 
tion of duration of operation. The notation in Fig. 17 
corresponds to that in Fig. 4. If the time (jr axis) scale 
is chosen properly to correspond to the obtained cur- 
rent and voltage waveforms, one can superimpose this 
graph of Fig. 17 for the forward motoring mode, or 
others similar to it in other modes, on top of any cur- 
rent waveforms such as given in Figs. 9-13. This is to 
help identify the specific switching operation which is 
the cause of a particular spike or pulse contained in 
these waveforms. 


MACHINE CURRENT (IMI 



Fig. 16. Machine torque following 2.75° flap command 


MACHINE TORQUE (TMI 



For example, one can trace the relationship, on a 
one-to-one basis, between the on-off periods of the 
chopper transistor QM and diode DM during the 
motoring mode, the on-off status of which are shown 
in Fig. 17, and the corresponding sawtooth-like com- 
ponent of the phase current evident in Fig. 9. 

Another example of identification of the cause of 
a transient, using the logic diagram of Fig. 17, is the 
congruence, in the time frame, of the undershoots 
(negative) and overshoots (positive) in the phase cur- 
rent waveforms preceding each of the negative and 
positive half cycle with the "on” periods of the 
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Fig 17 EMA logic signal*. during forward motoring. Speed 5000 
rpm, ICMD 32.5 A, and 30° commutation advance. 


diodes D4 and Dl, respectively. Reference should be 
made here to the PCM schematic, Fig. 4. 

It is now evident that such a diagram. Fig. 17, is 
an extiemely valuable educational tool in helping one 
understand the complex interactions which take place 
in the operation of such a PCM system. Furthermore, 
this simulation model, if used in conjunction with a 
magnetic field finite element [16, 17] analysis tool for 
prediction of motor parameters (emf waveforms, in- 
ductances, etc.) can be applied to extensive ends in the 
magnetic design tailoring to a particular motor improve- 
ment as well as power conditioner design and vice versa 
to achieve goals specified by constraints in a given case. 
Aspects of the application and use of the present model 
along these lines will be covered in forthcoming papers. 

Conclusions 

The development of a detailed transient model for 
simulation of the instantaneous performance of a 
power conditioner fed samarium-cobalt permanent 
risgnet brushless dc machine has been presented The 
model emphasized in this paper was part of a more 
comprehensive development of an overall fourteenth- 
order electromechanical actuator dynamic model for 
the simulation of the transient performance of an 
EMA prototype manufactured for NASA-JSC. The 
fourteenth-order model will be reported on in forth- 
coming papers. 

Thd numerical results ol the instantaneous 
machine end power conditioner currents and voltages 
had a high degree of correlation to actual experimen- 
tal test data performed on the prototype. This was the 
case under all possible operating modes (motoring, 
regenerative braking, and plugging). The accuracy of 
the model and its suitability for parametric design 
studies enabled these authors to use it in investigations 
of improvement of machine-power conditioner com- 
mutation characteristics, to reduce electrical transients 
and improvement of instantaneous torque profiles. 
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This model will be further improved by the addi- 
tion of a motor magnetic field analysis capability us- 
ing the method of finite elements. This will enable one 
to use the present model as a comprehensive design 
optimization and analysis tool in lieu of costly pro- 
totype fabrication and testing. Also, it will bring the 
performance of prototypes of such devices, whenever 
they are fabricated, closer than ever to the ultimate 
goals and constraints set for them. It will help identify 
unreasonable or impractical goals. This in itself results 
in substantial savings in developmei.t costs in 
laboratory and shop work. Further, this technique can 
be extended to encompass other power conditioner 
configurations. 
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SUMMARY 


The computer aided design process applied to two 
electronically operated brushless dc motors intended 
for use in electric vehicle propulsion is described. 

The components of this process are a time domain dynam- 
ic simulation model of the brushless dc motor system in 
wmcn the machine parameters. Inductances and emfs, are 
obtained entirely from finite element field analysis 
of the magnetic circuit arrived at by the designer. 

This computer aided design process is used to determine 
the correct winding configurations for two machines. 

One of these machines utilizes a samarium cobalt per- 
manent magnet rotor, while the other utilizes a stron- 
tium ferrite permanent magnet ro^or. Both machines 
are required to achieve, as a minimum, 15 hp continuous 
and 35 hp peak motor ratings subject to tne constraints 
of a maximum dc supply voltage of 120V, a speed range 
of 6000 to 9000 rpm, and a maximum current of 400A. 

This 400A limit is due to limitations on the available 
power switching components. A schematic diagram of 
tre mom components of these two systems, is given m 
Figure (I). 
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The computer aided design process Is used to 
analyze two preliminary winding designs per machine 
tru appeared feasible based on standard design pro- 
cedure\. The difference between the various prelimin- 
ary designs was the total number of series turns per 
phase. 

The winding Inductances and the induced back emf 
waveforms (fundamental and harmonics) are obtained by 
finite element field analysis of these preliminary 
designs. Tnese key machine parameters, which criti- 
cally impact tne performance of the system, are then 
used in the dynamic simulation model o* the entire 
rnacmne-OTwer conditioner unit that forms the brushless 
dc machine. 


This model was used to predict the max 'mum power 
developed over the desired speed range for The four 
cases considered here. The effect of the 7 *ro and 
thirty degree commuteMon advance (detailej in th < l 
paper) on the performance of the system w*.s ^ is j de- 
termined. A sample of these results is displayed in 
Figure (2) for the samarium cobalt machine. 
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Figure (2) Maximum Powe- Curves for the Samarium 
Cobalt Machin*. 

Based on this computer aided prediction, the two 
designs with the lower number of series turns were 
implemented, see Figure (3) and subsequently tested. 

In these tests, both machines met the desired per- 
formance goals for rated and peak power conditions 
without any design modif .cations. This demonstrates 
the usefulness of such a computer aided design approach 
in the design of electron ;^al ly operated machine 
systems. 



Figure (3) The Assembled Motors (Samarium Cobalt 
Short Machine). 


ORKVNAL PAGE IS 
OF POOR .QUALITY 


m r* 


355 



IMPACT OF WINDING INDUCTANCES AND OTHER PARAMETERS ON THE DESIGN 
AND PERFORMANCE OF BRUSHLESS DC MOTORS * 

T.W. Neb'S • Member N.A. Demerdash, Senior Member 

F. A. Fouad*, Member 

Virginia Polytechnic Institute and State University 


ABSTRACT The computer aided design process of two 
electronically operated brushless dc motors intended 
For use in electric vehicle propulsion is described. 

The components of this process are a time domain 
dynamic simulation model of the brushless dc motor 
system in which the machine paramenters, inductances 
and emfs, are obtained entirely from finite element 
field analysis of the magnetic circuit arrived at by 
the designer. This computer aided design process is 
used to determine the correct winding configurations 
for two machines, the permanent magnet rotor one of 
which is of samarium cobalt, and of ferrite for the 
other. Both machines are required to achieve 15 hp 
continuous and 35 hp peak ratings as motors, subject 
to the constraints of a maximum dc supply voltage of 
120 V and a maximum current of 400 A due to limitations 
on the available power switching components. In 
addition, the effects of changes in the firing angle 
of the inverter transistors, with respect to the in- 
duced winding emfs, are examined. Ihe results of this 
work demonstrate that the performance of such systems 
is Inductance limited especially in high speed (fre- 
quency) appl ications. The two macnine designs selec- 
ted as a result of this analysis were fabricated and 
subsequently tested in the laboratory. Both machines 
met the desired performance goals as predicted by the 
computer aided design process. T hese results, as well 
as those from previous investigations, demonstrate the 
usefulness of this approach in analyzing electronically 
operated machine systems with nonsinusoidai phase 
currents and emfs which cannot adequately be handled 
by classical frequency domain analysis. 

IN QDUCT T 0N 

Electronically operated brushless dc motors are 
presently being investigated for possible use in a 
number of applications such as electric vehicle pro- 
pulsion [1] and flight control actuation [2], [3J. 

This is due to the potential performance advantages of 
these motors such as reduced weight and volume, re- 
duced maintenance, and increased reliability. The 
machine phase voltages and currents are highly nonsin- 
usoidai due to the switching action of the power con- 
ditioner switches; therefore* classical frequency do- 
main techniques are not well suited to the analysis of 
such systems [4], [5]. For this reason, a time domain 
dynamic simulation model suitable for implementation 
on the digital computer is desirable. Such a model is 
available and has been used successfully to predict 
the dynamic behavior of both an electromechanical 
flight control actuator [4] ard an electric vehicle 
propulsion unit [5]. 
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The major difficulty in the implementation of this 
design process at its early stages is the uncertainty 
of the values of machine inductance ana emf parameters 
obtained by established design techniques. For this 
reason a numerical method for the calculation of these 
parameters was chosen to bridge this gap in the design 
process. The finite element method [6] is well suited 
to this task. In this work the winding inductances 
are calculated by means of an energy perturbational 
approach using the finite element method wnich was 
detaileo in earlier references [7], [8]. Due to the 
low level of saturation in the cores of the machines 
considered here, [9], the induced emf waveforms result- 
ing from the armature flux linkage are calculated from 
the midgap flux density waveforms which are obtained 
*rom finite element field solutions [9]. The use of 
numerically determined parameters as inputs to the 
dynamic simulation model represents a powerful computer 
aided design step for such systems. 

In this work, the above mentioned computer aided 
design tools are applied to the design of two brush) ess 
dc motors, for electric vehicle propulsion, subject 
to the same set of performance and system constraints. 
One of these motors is based on a samarium cobalt per- 
manent magnet rotor, while the pther is based on a 
strontium ferrite magnet rotor. The analysis presented 
here is restricted to the selection of one of two 
possible winding configurations, obtained from a pre- 
liminary design for each machine. The selection of 
the correct windings takes into account the effects of 
changing the firing angle of the inverter power 
switching transistors The selected machine designs 
were implemented and Doth met all of the required per- 
formance and system constraints, thereby validating 
this design approach. 

SYSTEM DESCRIPTION 

The basic configuration of the two brushless dc 
machine systems under consideration is shown in Figure 
(1). Each of these systems consists of a 120V supply 
battery which is a constraint on the rated voltage of 
the system, a transistorized power conditioner, and a 
three phase permanent magnet machine. The intended 
application fo r these systems is electric vehicle pro- 
pulsion. For this application the required performance 
reifications are: 

A continuous two hour rating of 15 hp correspond- 
ing to a vehicle cruising speed of 55 mph 

2. A peak rating of 35 hp for one minute for hill 
climbing. 

Notice that these performance specifications must be 
met with a maximum supply voltage of only 120 V 
(battery constraint). Under this constraint, the 
machine winding inductances become a very important 
factor in whether or not these performance specifi- 
cations can be met. This low supply voltage also 
imposes large currents of several hundred amperes 
which must be switched by the power transistors. Con- 
sequently, the transistor ratings must also be con- 
sidered in the design process. 

ORIGINAL RAGE IS 
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Power Conditioner Description 

One power conditioner is used to drive either one 
of the two machines. This power conditioner consists 
of a transistor! zed current cnopper for current mag- 
nitude control ane a three phase transistorized 
inverter/ccnverter bridge for inverting dc to three 
phase ac anc vice versa, [1]. The chopper and Inverter 
both make use of Toshiba 2SD648 monolitic darlington 
power transistors rated at 300 V Vr£(ey$) and a 400 A 
maximum collector current. These limits must be 
satisfied at both the continuous and peak rated oper- 
ating points. 

Voltage transients seen by these transistors are 
affected largely by the transistor switching speed, 
circuit layout and by the snubber networks. It will 
be assumed in tnis work that the snubber networks are 
capable of keeping the voltage transients below 300 V. 
Therefore che snubber networks will not be considered 
here. The current rating, however, was Imposed as one 
of the constraints on the system during the design 
process. 

The basic function of the power conditioner is 
illustrated by the idealized current waveforms during 
the motoring mode of operation shown below the circuit 
diagram in figure (1). During this mode of operation, 

, — OC SuRPU 
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Figure (1) Machine-Power Conditioner Schematic and 
Idealized Phase Currents 

the power conditioner control logic receives infor- 
mation on the position of the rotor via two sets of 
thre^ equally .paced Hall devices, [1], One set of 
Hall devices is used for normal firing while the other 
set is used to aavance the firing by thirty deqrees at 
high load conditions, [!]• The rotor ~osition is 
translated into one of six discrete current states as 
shown in Figure O). Each current state produces an 
armature mmf which remains fixed in space for sixty 
electrical degrees until the next current state. After 
the rotor completes sixty electrical degrees *.f rota- 
tion the phase currents are, ideally, switched 
instantaneously into the succeeding current state. 

This would result in a step or hop (of the armature n«nf) 
of sixty electrical degrees in the direction of rota- 
tion. This process is repeated six times per electrical 
revolution resulting in a d.scretely jumping or hopping 
mmf, [4], [5]. In an actual physical system, however, 
the magnetic fields inside such a machine cannot change 
instantaneously due to stored magnetic energy associ- 
ated with the currents flowing in the windings. There- 
fore, these winding inductances play an important role 
in determining the overall system performance espe- 
cially at high frequency and high load conditions, [51. 

The Dower conditioner can also function in the 


regenerative braking mode in order to recover some of 
the kinetic energy associated with a moving vehicle 
during braking. During this mode the six inverter 
transistors are turned off resulting in a three phase 
full wave rectifies bridge. This paper will deal only 
with the motoring mode of operation, consequencly 
regeneration will not be considered here. 

Machine Descriptions 

The above mentioned power conditioner was de- 
signed to operate either one of two machines. One 
machine uses high energy product samarium cobalt per- 
manent magnets while the other one makes use of 
cheaper and more readily available strontium ferrite 
permanent magnets. From previous experience with a 
four pole, fifteen slot samarium cobalt motor of the 
same rating; it was decided to increase the number of 
poles to six and the number of slots to eighteen. This 
was done to decrease the machine volume and weight as 
well as reduce the complexity of the n^cnlne winding. 
Since the fractional slot winding was abandoned, it 
was decided that both armatures would be skewed one 
full slot pitch to reduce harmonics in the backemf, 
[10]. Based upon these assumptions, the stator lam- 
inations and rotor structure were designed using 
standard magnetic, thenmal, and mechanical design 
procedures. The resulting preliminary designs of the 
samarium cobalt and ferrite machines are shown In the 
cross-sectional views of Figures (2) and (3), respec- 
tively. 




Figure (2) Cross-Section Figure (3) Cross-section 
of the Samarium Cobalt Strontium Ferrite 
Machine Machine 

The desired speed range for the rated 15 hp point was 
chosen between 6,000 and 9,000 rpm due to core loss, 
mechanical, and other design considerations. 

For the samarium cobalt machine, the preliminary 
design process indicated that windings with twelve 
and fifteen turns per phase were feasible. For the 
strontium ferrite machine the choice was found to be 
between two designs, one with nine and the other with 
twelve turns per phase. 

Therefore the design problem at this stage is re- 
duced to picking the correct number of turns for the 
armature windings of the two machines. The various 
factors influencing the final choice of the winding 
configuration are discussed next. 

FACTORS AFFECTING MACHINE PERFORMANCE 

The correct choice of the number of turns for the 
two machine designs given above depends on a number of 
factors such as the backemf constant of the machine, 
the winding inductances, and the angle between the 
phase currents and emfs (coiroiutation angle). 

Impact of Emfs and Inajctances 

The machine winding inductances must be low enough 
so that the current can buildup to the required values 
at continuous and peak operating points, under the 
above mentioned supply voltage constraint of 120 V. 
Also, the maximum allowable value of this inductance 
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is strongly dependent upon the number of poles since 
this determines the frequency of the phase currents. 

If tru* inductances are too large, the required power 
muse oe obtained at a lower speed (f^eque^cy) *** hence 
reduced backemf. Therefore, the magnitude of the 
current must increase correspondingly to keep the 
machine output power constant. This situation can be 
tolerated so long as the maximum current handling 
capability of the transistors is net exceeded. 

The winding inductance varies with the square of 
the number of turns wh'le the induced backemf varies 
linearly with speed. Therefore small changes in the 
total number of turns reduces the no load speed only 
linearily while dramatically reducing the inductances. 
Such small changes in the winding can produce dramatic 
changes in the maximum machine power output at a given 
speed and supply voltage, as will be shown later. 
Ideally, the inductance of a machine should be kept as 
low as possible for a given emf constant. This can be 
accompli sned in a number of ways such as operating the 
core at higher flux densities, improved permanent mag- 
net materials, reducing the slot and end leakage In- 
ductances, and so on. 

Impact of the Commutation Angle 

Another factor affecting the machine output is 
the angle between the injected phase currents and the 
induced phase voltages, [1], [10]. Normally, current 
Is injected into a phase winding thirty electrical 
degrees after the bacnemf passes through zero (zero 
commutation advance or normal firing). Since 
the period of conduction is 120 electrical degrees, 
the phase current and emf waveforms are centered with 
respect to each other. This maximizes the volt-ampere 
product for a given current and machine speed. Under 
heavy loads this firing angle limits the maximum value 
of current buildup since the current is injected only 
after the backemf reaches sin(30°) of its peak value 
(for sinusoidal backemfs). Since this emf opposes the 
current buildup, it may be necessary, under peak load 
conditions, to advance the firing of the inverter 
transistors by thirty degrees to the point where the 
Induced backemf Is zero (thirty degree commutation 
advance or advanced firing). This reduces the volt- 
ampere product, however this is more than compensated 
for by the substantial increase in current magnitude, 
as will be seen later. 

The following two sections w . ' 1 describe the ma- 
chine-power conditioner model used in the computer 
aided design process and how the machine 'parameters 
are determined. These computer aided design models 
are then applied to the preliminary designs of the two 
machines mentioned above to determine the effects of 
the emfs, inductances and commutation advance on the 
overall system performance. 

MA CHINE MODEL AND PARAMETER DETERMINATION 

The electrical behavior of the two wye connected 
(floating neutral) brushless dc machines is modeled 
by a wye connected three phase network consisting of 
a series connected resistance, inductance, and voltage 
source per phase, see Figure (4). 

The justification for this rather simple model was 
given earlier in reference [5]. Also, this model has 
been used very successfully in the analysis of similar 
machines in previous investigations, [4], [10], 

The voltage sources In the three legs of this 
model represent the induced backemfs per phase pro- 
duced by the rotating permanent magnet rotors. The 
backemf waveforms are calculated from the midgap flux 
density waveforms which are obtained from two dimen- 
sional nonlinear finite element field analysis, [9]. 



s 

Figure (4) Machine Model 

The emfs can be calculated in this manner because tne 
stator core and teeth are only lightly saturated, hence 
almost all the airgap flux links equally all the armature 
conductors. The effects of the one slot pitch skewing 
of the stator are included in the emf calculations, 

[10]. It has been snown in earlier work, [9], that 
the backemfs are relatively independent of the armature 
reaction due to the small magnitude of armature mmf in 
relation to the equivalent magnet mmf in the normal 
operating range for these machines. For this reason 
there is practically no difference between the no load 
and load backemfs. 

The finite element calculated no load backemf 
waveforms for the samarium cobalt and strontium ferrite 
machines are given in Figures (5) and (6) respecti vely . 
These were calculated by finite elements using the 
permanent magnet demagnetization curves at 25°C. 

Notice that both emfs are nearly sinusoidal. This is 
due to the one slot pitch skew in both stator cores. 



Figure (5) No Load Backemf Figure (6) No Load Back- 
Waveform of the Samarium emf Waveform of the 
Cobalt Machine Strontium Ferrite Machine 


Comparision of the calculated emf constants, in Volts/ 
mechanical radians/second, with the measured values, 
see Table (1), reveals excellent agreement between tne 
two sets of numbers. The emf waveforms are represented 
by a fourier series and the magnitudes are assumed to 
vary linearly with speed. 

Table (1) FE Determined and Measured Phase to Neutral 
EMF Constants Volts/Mech. Radian/Sec. 


r 

| SAMARIUM COBALT 
I 12 Turns/Phase 

FERRITE j 

i 9 Turns/Phase 

FE 

- 

0.0693 

0.0594 

Measured 

0.0658 

0.0573 


The Inductances in the machine model of Figure (4) 
are equal to one half of the line to line incremental 
inductance, see reference [5]. These inductances were 
calculated using an energy perturbation appracn coupled 
with the finite element method, [7], [8]. In that, 
work It was found that the variation of these induc- 
tances is virtually independent of rotor angle because 
of the large effective airgap in such machines due to 
the low permeability of the magnets. This fact was 
alsc verified by test measurements, [8]. The calcu- 
lated and measured values of one half of the line to 
line inductances are given in Table (2). Notice that 
the measured values are consistently higher than the 
calculated ones. This is because end effects were 
neglected in the two dimensional finite element field 
calculations. 
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Table (2) FE Determined and Measured (Line 
to Line/2} Inductances 



ij SAMARIUM COBALT 

u T 


:! 12 Turns/Phasp [ 

IE Turr.s/Phasp ' 

FE 

l 41.85 uH j 

1 

65.35 uH 

. . ... !| 

MEASURED 

$ 44.95 u.H i 

! 1 

Not available j 

l 

| 

j 

j FERRITE 

1 


_L-2_-Iums/Ph.ase j 

12 Turns/Rhasfi J 

1 FE 

i . 

J: 42.5 uH 

75.5 mH ;j 

| MEASURED 

|| 46.0 yH ' 

J 

Not available j 


In summary there are three basic simplifications which 
lead to this rather simple machine model and which are 
justified on the basis of the physical nature of these 
brushless machines at hand. These simplifications are 
as follows: 

1. The series inductance per phase in the equi- 
valent circuit model is for all practical purposes in- 
dependent of the rotor position, as determined by both 
finite element field analysis and inductance measure- 
ment from the actual hardware, see reference [8], This 
is largely due to the large effecti e airg a p that is 
inherent to such machines. This large effective air- 
gap is caused by the fact that the magnetic permeability 
of magnet materials, samarium cobalt or ferrite is 
practically equal to air. 

2. The permanent magnets are electrically and 
electromagnetically equivalent to a field winding with 
a constant excitation current. Hence, the transient 
inductance phenomenon and corresponding time constants 
associated with ac armature - dc field interaction 
during dynamic conditions is not present here. 


In this model, tne machine-power conditioner shown 
schematically in Figure (1) is replaced by a lumped 
parameter nonlinear network model shown in Figure (7). 
Inspection of this figure reveals that the machine is 
replaced by the simplified machine model of Figure (4), 
The power switches are modeled by nonlinear resistances 
which take on low values during conduction ana high 
values when switched off. 



Figure (7) Machine-Power Conditioner Network Model 


The dynamic simulation model is written in standard 
state space form as 

x 3 Ax + Bu 0 ) 

where x is the vector of state variables vhich consists 
of the cotree inductor currents and the tree capacitor 
voltages, x is the derivative of x with aspect to 
time, A, B are coefficient matrices, whicn must be re- 
calculated whenever a diode or transistor changes state, 
and u is the vector of forcing functions, which are the 
battery voltage and the backemfs. The branch voltages, 
currents, powers, etc. are refered to as the output 
variables and are symbolized by the vector y. T hese 
can be defined in terms of the state variables, x^, ^nd 
the forcing functions, u as follows: 

l = Cx + fiy (2) 


3. The edey current damping effects in the rotors 
of such machines have been shown to be rather insingnif- 
icant in comparison to machine ratings, see the work of 
reference [12]. Accordingly, the subtransient in- 
ductance phenomenon, and corresponding time constants 
associated with ac armature - rotor damping interaction 
during dynamic conditions is absent here for all 
practical purposes. 

Tne above three factors lead to the rather simple 
model of an induced armature emf in series with an in- 
ductance equal to the phase to neutral self inductance 
minus the mutual phase to phase inductance per each 
leg of the three phases in the machine. Further details 
were included in this aspect in references [5] and [8]. 

This machine model is incorporated into the 
dynamic simulation model of the entire machine-power 
conditioner system which is described next. 

.MACHINE-POWER CONDITIONER DYNAMIC SIMULATION MODEL 


The dynamic simulation model used here to analyze 
the above mentioned machine designs was developed orig- 
inally to analyze a similar system intended for use as 
an electromechanical actuator for flight control 
applications, [4], Later, the same model was success- 
fully applied to the analysis of an electronically 
commutated brushless dc motor for electric vehicle pro- 
pulsion, [5]. In this previous work, some or all of 
the machine inductances and emfs were obtained from 
test measurements. However, in this work at hand, both 
the machine inductances and backemfs were calculated 
using the finite element method applied to the given 
preliminary magnetic circuit and winding designs. 


where C,D are coefficient matrices which must be up- 
dated whenever a transistor or diode changes state 
(switches on or off). Since the state model is a func- 
tion of the status of the diodes and transistors, the 
four coefficient matrices must be recalculated when- 
ever the network changes state. A simplified flow chart 
of the algorithm used to implement this model is given 
in Figure (8). Further details on this model can be 
found in re f erences [4] and [11]. Sample comparisons 
between phase current, ^nslstor switch voltage, phase 
to neutral and line to voltages obtained by this 
model and from test a: ^ a ted from reference [11] in 
Appendix A for convenient*. The application of this 
model to the two machines described earlier Is given 
next. 



Figure (8) Flow Chart of Machine-Power Conditioner 
Dynamic Model 
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R ESULTS 

The two machines described earlier are required 
to produce at least 15 hp continuous and 35 hp peak 
ratings using up to the full thirty degree ccinmutation 
advance if necessary. These power ratings have to be 
developed under the following constraints: 

1. Maximum supply voltage of 120 V, 

2. Maximum transistor currents of 400 A, and 

3. Machine speeds should fall in the speed range 
of 6000 to 9000 rpm if possible. 

In order to determine whether or not the two machine 
designs are capable of delivering these ratings the 
following simulation studies using tne data of Tables 
(1) and (2), were performed: 


"7 


^3 



The oerformance of the two samarium cbalt and the 
two ferrite machines was calculated for speeds of 6000, 
7500, and 9000 rpm with a fixed battery voltage of 120 
V, with the chopper transistor Q„ fully on, and with 
zero commutation advance. 

Stu &J jj 

The runs described above were repeated except that 
the connutation advance was increased to the full thnty 
degrees. 

Portions of these results are displayed in Figures 
(9) throught (12). The maximum powers and peak currents 
developed by the two proposed winding designs of the 
samarium cobalt machine between 6000 and 9000 rpm are 
plotted in Figures (9) and (10), respecti vely. In- 
spection of Figure (9) reveals that the fifteen turn 
version of :he samarium cobalt machine is unable to 
achieve the 35 hp peek power within the desired speed 
range even with the full thirty degree commutation 
advance. The twelve turn versior, on the other hand, 
meets all of tie performance specifications with phase 
currents less tian 400 A, see Figure (10). Notice that 
the 400 A points are indicated in Figures (9) and (11) 
by the ' x's. 

Inspection o * Figures (11) and (12) revealed a 
similar picture fo r the two designs of the strontium 
ferrite machine. Ihe version with the twelve turns 
was unable to meet the performance specifications 
while the nine turn version did. Notice that the 
ferrite machine produced more than 15 hp throughout the 
specified speed range, 1 s is no problem since the 
15 hp rating is a minimum -ather than an absolute 
rating. Also the copper transistor Q M can be switched 
to produce any output less than the maximum. 

Sample current and power waveforms obtained from 
the various simulation runs are given in Figures (13) 
through (16) for the twelve turn version of samarium 
cobalt machine at 9000 rpm and the two firing angles. 

The phase currents at zero and thirty degree confutation 
advances are displayed in Figures ( 13 ) and ( 14 ) re- 
spectively, Notice that with zero advance the phase 
current decays from its initial value of 150 A to a 
final peak value of 87 A, Advancing the tiring by 
thirty degrees produces a dramatic Increase in the 
magnitude of the steady state phase currents over the 
previous case. 


Figure (9) Maximum Power Curves for the Samarium 
Cobalt Machine 

'Figure (10) Peak Current Curves for the Samarium 
Cobalt Machine 
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Figure (11) Maximum Power Curves for the Strontium 
Ferrite Machine 

Figure (12) Peak Current Curves for the Stontium 
Ferrite Machine 
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Figure (13) Phase Current of the Samarium Cobalt 
Machine with the 12 Turn Winding at 9000 rpm and 0° 
Commutation Advance 
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Figure (14) Phase Current of the Samarium Cobalt 
Machine with the 12 Turn Winding at 2000 rpm and 30° 
Commutation Advance 


The impact of the commutation advance on the 
electromagnetic power, is also clearly shown in Figures 

(15) and (16). Notice that both the magnitude of the 
power as well as the percentage of the power ripple in- 
crease with Increasing confutation advance, see Figure 

(16) . 


Based upon these results, the samarium cobalt 
machine was constructed with twelve series c,.rns per 
phase and the strontium ferrite machine was constructed 
with nine series turns per phase, see Figure (17). 

These machines were tested in the lab and both met the 
required performance goa^ *s documented previously in 
reference [1]. 


f 
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Figure (15) Electromagnetic Power of the Samarium 
Cobalt Machine with the 12 Turn Winding at 9000 rpm 
and 0° Commutation Advance 




Figure (16) Electromagnetic Power of the Samarium 
Cobalt Machine with the 12 Turn Winding at 9000 rpm 
and 30° Commutation Advance 



Figure (17) The Arsembled Brushless DC Motors. 

(Samarium Cobalt-Short Machine, Strontium Ferrite- 
Lonq Machine) 

CONCLUSIONS 

The impact of winding inductances and the 
commutation angle between the chase currents and in- 
duced backemfs per phase on the performance of two 
brushless dc motor designs was determined using the 
given computer aided designed aporoach. The performance 
cf two brushless motors, one based on samarium cnbalt 
magnets ana the other one on strontium ferrite magnets 
was obtained from a time domain dynamic simulation model 
of such systems. A time domain model is necessary since 
the majority cf the voltages and currents are nonsinu- 
soidal. Tne motor emf and inductance paramters used in 
this simulation were obtained directly from finite 
elemert field analysis of the preliminary machine de- 
signs. 

The analysis demonstrated the importance of the 
machine inductances on the performance of such systems 
over a given speed (frequency) range. Furthermore, 
varying the commutation advance was shown to produce 
dramatic changes in the machine output over the entire 
speed range. Based on these results, the designs of 
the two machines were finalized and implemented. Sub- 
sequent testing of the two machines confirmed their 
ability to meet all of the design goals as predicted. 
Accordingly, this computer aided design approach pre- 
sented here is well suited for the design of such 
systems . 


Future efforts in this area should be directed to- 
wards more detailed machine models suited for more 
complex systems in which the inductance variations due 
to rotor position and saturation level cannot be ignored 
in their dynamic simulations. Results from this design 
example demonstrated very strongly the usefulness of 
sucn computer aided design tools in the analysis anu 
design discussions taken in the course of this project 
of brushless dc motor systems with their nonsinusoidal 
voltages and currents. 
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Figure (A-4) Oscillogram and CSWF of an Inverter Tran- 
sistor Voltage. [Horizontal: 1 ms/div, Vertical: 50V/div] 
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APPENDIX 

The dynamic simulation model used in this work was 
verified using oscillograms obtained during laboratory 
testing of similar brushless dc motors from previous 
investigations, see references [4], [5], and [11]. For 
the sake of completeness, portions of there results will 
be repeated here. 


Prior to the design and construction of the two 
motors described In this paper, the model was verified 
using test results obtained from a four pole, fifteen 
slot samarium cobalt brushless dc motor for electric 
vehicle propulsion, [5], [II]. The continuous and peak 
ratings of this macine were identical to those of the 
two machines subject of this paper. 

Various oscillograms and their corresponding 
computer simulated waveforms (CSWF) during the motoring 
mode of operation, at a speed of 7750, are given in 
Figures (A- I } through (A-4). Inspection of these 
figures reveals excellent agreement between the two 
sets of results. Further verification of this model 
can be found in references [4], [5], and [11]. 
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Figure (A-1) Oscillogram and CSWF of the Phase Current. 
[Horizontal: 1 ms/div, Vertical: 50V/div] 
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Figure (A-2) Oscillogram and CSWF of the Phase Voltage. 
[Horizontal: 1 ms/div, Vertical: 50V/div] 
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.-raanent magnets (p.m.) which are of rare earth cobalt* 

* a partly flat internal surface which one could 
'^tead Fufely assume to be circular. However, in 
’^er to farther simplify the analysis, and since the 
iidial thickness of the p.m. is substantial, we have 
:i turned t i.e p.m. to extend to the axis, except in the 
*-:errpa?n«. t regions where epoxy fills the space below 
*,* s ietiVL. This greatly simplifies the calculations 

’ J t the analysis somewhat approximate. We just- 

t his the light of a more drastic assumption 

ri ,dt‘ in such problems, namely that the currents 

* pun.- .ixiul as though the conductor is isolated. 

'ht st’ lu. led end effects that exist in finite length 
•inductor.- are ignored. 

For a sinusoidal time variation of the current 
m?y represent the rotor current density vector as 
y <ri ^,z,t; - & Xrms cos(wt-6), where u « 2trf . 


7ac spact components of the r.m.s. vector Jj-^g are J r , 
* ant ] which are themselves r.m.s. quantities. 

Trie current being assumed axial, hence, J r * 0, * 0 

and jJ z /. z » 0 everywhere. Consider a whole composite 
cwinder. with a solid inner core of the p.m. envelop- 
ec bv a stainless steel sleeve of radii b and c, where 
e ■> c . ?.y symmetry consideration, 3 J z /3tJ) - 0. Then 
•ron Maxwell's equations it follows that J z oatisfies 
tre hcl^ioltz equation, that is [2,3] 


dJ t 2, 

~57- T J z 


0, where t *juow, j * •'-l, u and 


t are the relative permeability and conductivity of the 
sacen.il . This is a modified Bessel equation of order 
zero. Us general solution may be expressed as: 

J (r) - A I (xr) + B K (xr) , (1) 

2 0 O 

where I,, and K 0 are the modified Bessel functions of 
the first and second kinds, both of order zero, and A 
aid B are constants (see references [3] and [5]). 

The r.m.s. electric and magnetic fields satisfy 
the relations: curl Enns * ” juwH rms and ^rms* J rras/°* 

The currert being axial, the only non-zero components 
of Enns and are E z and H<j,. These relations then 

yield the following: 

3E . 3J 

(A I’ Or) + B K'(xr)) 

• 3r o 3r o v o o 

hence, one can write 

H tri « | (A I^xr) - B K^xr)], (2) 

since i; - and Kq - -K^ where I x and K x are the 
modi! ie u Bessel functions of the first and second kind, 
both of order one (31. Except for these functions, the 
subscript X will denote quantities for the sleeve 
while subscript 2 will denote those for the p.m. It 
is assumed that the rotor surface r.m.s. current 
density J s is known. 

Applying eq. (1) to the p.m., and letting B » o, 
sirKi K Q (Tr)-*» as r-*o, at r * c let J S1 and J S 2 be the 

r.r. ,s. current densities in the sleeve and the p.m., 
rt. actively. Then J Z2 (r) - A(I o (x 2 r)) where 

A - i s ,/l <x,c) and x, - (ju2 o2 u) 1 *. Accordingly, 

' » O a A 

fr. equation (2) we obtain the field on the eurfece 
a: : he p.m. as 

(c) - J S2 C 2 , (3) 

‘•ere C 2 - I^x.jC)/ (ijI^TjC)) ^ 

The p^ver loss fur length t of the p.m. is given 


At the common boundary the continuity of the 
electric and magnetic fields yields the relations: 
t z (c) - E 22 (c) and H^(c) - H^fc). By Ohm’s law the 

former becomes J Si ^l * Js 2 /o 2» while b V use of 
equation (3) the latter condition yields (c) * J s 2 C 2* 
Using these values for the sleeve in equations (1) and 
(2), one obtains: 

A * J Si K< T lC> + T l^ ^2^o (T l c) ^ / * r ^ C,C) ’ 

B * J sJ I l (T : c) ■ T i^ c 2 i o (t i c) ^ f<c,c) . 

where the denominator is defined by the function: 

F(x,y) -I 1 (x 1 x)K 0 (T 1 y) + K^x . 

From equation (1), one obtains for r ■ b. 


J - J (b) - J C. - J — c 1 , 
8 Z 1 S 1 1 S 2 °2 


°2 

where C ^ - (F(c,b) +— C 2 G 0 ) /F(c ,c) , 

with G 0 = x 1 (K 0 (x 1 c)I 0 <x 1 b) - I 0 <V> K 0 <Xl b >J 
From equations (2) and (6) one obtains: 


H^j(b) * J s C c . 


where C 


C 2 F(b,c))/(c i F(c,c)J , 


with Gj - (l 1 (x 1 b)K 1 (x 1 c) - KjltjbJIjCijC)) (ID 

The power loss in the sleeve may be found in the 
same manner as in the p.m. However, to avoid solving 
many integrals in this case, we use the fact that the 
total dissipative loss per unit length in the composite 
system is the real part of the product of the conjugate 
of the total r.m.s. current I in the composite con- 
ductor. and the r.m.s. voltage drop per unit lengthl3J. 
The latter being the same throughout the conductor as 
the surface value which is Jg/oi- Now by Ampere's law 

I - H n (b) 2wb - J s C c 2-b. (12) 

Hence the total loss in length t of the composite con- 
ductor is 

2 

P . Ij I — Real (C )2*bl. (13) 

j 8 j 0 C 

The loss formula for the p.m., equation (5), can be 
written in terms of J 8 as 


P 2 * J s 


f °2 
l C l| 2o l. 2 


(Real (C ? ))2itci. 


0. e obtains the following result [3]: 

P 2 ’ I J »2 1 2 ~ Re>1 (C 2 ) 2vcL ' (5) 

2 RECEDING PAGE BLANK 


Therefore, the power loee for length l of the sleeve is 
P 1 * P • P 2* 

or p l"| J .f^ R “ l C c-^j2c-i§ 2 " bl - (15) 

If the system consists of the sleeve only, the 
loss is still given by equation (15) or equation (13) 
after substituting o 2 ■ 0. This makes P 2 * 0, and 

C c • G 1 /F(c,b). (16) 
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Omitting the factor 2irb£ or 2 tt C £ in the loss for- 
mulas one can evaluate the loss per unit surface area 
of the sleeve and the p.m. Integrating these losses 
over the total area of these members we obtain an esti- 
mate for the loss in these members for the given system 
configuration. 

When evaluating C c and the other constants of 
Be as el functions with complex arguments involving t are 
encountered. These functions are then themselves com- 
plex, and are expressible as shown in equations (17) 
below in terms of Kelvin's functions which are well 
tabulated l3,5J. 

I n (J l/2 x) - r n (ber Q x + j bei n x), (17a) 

K„(J 1/2 x) * J n (ker n x + j kei n x). (17b) 

The loss formulas stated above require a knowledge 
of the rotor surface r.m.s. current density J s , which 
we now proceed to determine. Further details are in 
Ref. [6]. 


TANCSNTIAL FIELD OK ROTOR SURFACE 
DUE TO STATOR CURRENT 

Figure (3) shows a portion of the stator current 
sheet idealized as a thin layer of conductors, and also 
the m.m. f. and current sheet space relationship. Con- 
sider the loop 1-2- 3-4-1 of tangential width, W, and 
negligible radial height, with the side 3-4 lying very 
close to the rotor surface (r«b). Frm Ampere's law 
we have the approximate relationship: 

H^(b) . 2W * r.m.s. current enclosed by the loop. 

Let A and represent the r.m.s. value and the 
amplitude of the stator current sheet in amperes per 
unit circumferential length. Then the right hand side 
of the previous equation has the value AW. Henca 
H^(b) ■ A/2. Combining this with equation (9) and 

noting that A - A a //2 we obtain 

jj # | - A b /( 2/2| c c |). (18) 

If F m * s amplitude of the stator fundamental 
m.m. f. wave, a quantity that is known f r» n the motor 
design details, then from basic theory and with refer- 
ence to Figure (3), one has the relationship: 
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Figure (3). Stator Current Sheet and M.M. F. Waveform 
Relationship. 
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If the stator bore is of radius a, then the pole 
pitch ■ ira/p, where p is the number of pole-pairs. 

A a -F n p/.. (19) 


This value of cannot be used directly in 
equation (18). This Is because as seen by a rotor 
point, the excitation function will be in general a 
discontinuous periodic sinusoid, as will be explained 
below. However, this function can be resolved into 
harmonic components using the above value of A^. Each 
hat iconic amplitude can then be substituted for Am in 
equation (18) to obtain J s corresponding to that 
harmoni rt . The losses are then found by applying the 
loss formulas to each hatinonic. 

HARMO.’IfN OF STATOR EXCITATION FUNCTION 


We shell consider only the fundamental component 
of the stator m.m.f. and ignore the effect of the 
space harmonics of the latter. To simplify Che 
analysis ve will regard the fundamental to be centered 
on the polar (direct) axis even though it is displaced 
for the latter, when on load, by the load angle. Now, 
different points on the rotor surface will be swept by 
different 60 degree bands of the stator m.m.f. wave 
during a switching operation. This is because the 
portion of the stator m.m.f. wave seen by a rotor 
point is a function of its position, which we designate 
by its angular distance y from the interpolar 
(quadrature) axis. As seen b> a rotor point the ex- 
citation function, which is the scator current sheet, 
will therefore have waveforms such as depicted in 
Figure (4) depending on its position angle y. Clearly 
these waveforms possess substantial harmonic content, 
besides a non-zero average when y + 0. These wave- 
forms may be represented by the general formulate. 

A(0) * A cos(6 - + y), (20) 

D J 

where 0 < y < it/2, end ^ is given by equation (19). 

The general waveform, which has the period T * 2n/6 
can be represented by the following Fourier series: 


a » 

A(9) ■ -r- + l (a cos n9 + b sin n6), (21) 

n-i 

where * n * ^ | cos p - ~- jd6 , n - 0,1, 2, 

Also,b n « | | a( 0) sinp~~jd0. n - 1,2,..,-. ^ 

Substituting for A(0) from equation (20) and solving * 
these integrals, one obtains for the harmonic ampli- 
tudes the following results. In which * (6n-l)ir/3, ; 

*2 -«K*l)ir/3, And 4 « 2w/3 - y: 
n 

( 22 )‘ 
(23) 


*n ' 

■ V°1« + 

<«Z n >. 



and b 1 
n 

■ V*ln * 

B 2„>- 



where ai 
A n 

’ f sln(K l n 

♦ ♦) - 

1 

sin 4 

K» 

°2n 

■ |«ln(K2 n 

- ♦) ♦ 

sin 4 

J 

| /K V 

B l» 

■ |co» * - 

co«(K ln 

+ 4)j 

l /K v 

0 2n 

* |co» 1 ) - 

co«(K 2 n 


l /K V 
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Figure (4). Waveforms of Stator Excitation Currents. 

PROCEDURE FOF CALCULATING POWER LOSS 

The loss at a rotor point is clearly a function 
of its position angle y. A closed form solution that 
aims at integrating the power loss per unit area over 
the range of y is not practicable, partly because of 
the varying geometry of the rotor. As such one has to 
resort to numerical integration. For this, the range 
of y is divided into a number of small intervals, and 
the loss for each interval is calculated based upon 
the value of y for its mid-point. The procedure is 
outlined below W. 

Step; 1 Obtain value of F m and other motor particulars 
from motor design sheet. 

Step; 2 Calculate value of Aq from equation (19). 

Step: 3 Calculate the fundamental frequency in hertz 

from f * 6p « R.P.M. /60, where p is the number 
of pole-pairs and R.P.M. is the rotor speed in 
revolutions per minute. The factor 6 is for 
the number of switching operations per cycle. 
Step: 4 Divide the region between the quadrature and 
direct axes into a number of small Intervals. 
Assign position angle values yj, Y2» Y3» . 
to the mid-points of these intervals. Convert 
mechanical degrees into electrical radians by 
multiplying the former by ptr/180. 

Step: 5 Starting with y-y lt determine the excitation 
function harmonic amplitudes using equations 
(22) imd (23). 

Step: 6 Set n » 1 to begin with the fundamental. 

Step: 7 Find value of C c from equation (10) corres- 
ponding to the harmonic frequency nf. Where 
only the sleeve exists set eg • 0, or obtain 
C c from equation (16)* 

Step: 8 Assign value cf harmonic amplitude to in 
equation (18), and calculate jj,| correspond- 
ing to this harmonic. 

Step: 9 Evaluate losses for this harmonic In the com- 
posite system, the p.m. , and the sleeve using 
equations (13), (14) and (15). The factor 2n 
in these equations must now be replaced by the 
angular width Ay of the interval. Multiply 
the losses obtained I>v 4p; this is because y 
varies over a range of tt / 2 rather than 2* 


radians, and as there are p le-pairs. 

Step: 10 Increment n by unity, and repeat steps 7 

through 10 until all harmonics found signifi- 
cant have been considered. 

Step: 11 Repeat steps 6 through 10 for all o-.her iutei- 
val angles, namely Y 2 * Y 3 , . and add up the 
harmonic loss components. 


SUMMARY OF RESULTS 

The foregoing procedure was applied in the c^;e of 
a 15 hp, 120 volt brushless d.c. motor, the relevant 
details of which are stated in Appendix (A). 

A computer program was written to evaluate the 
losses. Tables of the Kelvin functions in equation 
(17) were stored in arrays, and interpolation was done 
by cubic splines. The results obtained are summarized 
below for two speeds and three different cunents, 
while the variation of the losses with the position 
angle y, at one particular speed and current, is 
depicted in Figure (5). Further results can be 
found in Reference [ 6 ]. 





Figure (5). Eddy Current Loss Densities at Different 
Position Angles for 9000 r.p.m. , 250A. 
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no 

1.8 
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♦This corresponds to about a 35 hp peak rating (for one 
minute operation) 

CONCLUSIONS 


The main concluaions can be summarized in the 
following points: 

1 . The rotor losses are significantly affected bv the 
motor speed, that is, by the frequency of switching 
operations, and vary as the square of the current, 
as is to be expected. 

2 . The loss in the permanent magnets is about two 
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thirds of the total leases in the rotor of this 
machine. 

3. As several simplifying assumptions were made in the 
theory, such as treating J z as a function of the 
depth (r) only, ignoring the end effects, etc., the 
loss values obtained must be regarded as the least 
rotor losses to be expected. 

4. The rotor losses considered here are those due to 
the tangential field excitation. Those due to the 
radial field are excluded here because their calcu- 
lation is part of the design routine and because 
their magnitude is relatively very small in 
machines with semi-closed slots and large air gaps, 
as was confirmed by actual calculation in this case. 
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APPENDIX (A) 

Number of pole-pairs, p * 2 

Length of rotor core, t • 6 in. (15.24cm) 

Stator bore radius, a • 1.531 in. (3.89cm) 

For stainless steel sleeve: 

Outer radius, b • 1.505 la. (3.82cm) 

Inner radius, c - 1.470 in, (3,73cm) 

Resistivity, l/oi » 28,35 * 10"* Ohm- in. 

(7.1 *10“* Ohm-meter) 
Permeability, ui • 3.10 liaee/Aap.ln 

(12,2 *10-7 henery ) 
meter 

For permanent magnets: 

Width of pole, v - 1.44 In. (3.657cm) 

Resistivity, I /02 ■ 19.60 Ohs*-in. 

(4.978 * 10" 7 Ohm-meter, 
Permeability, uj • 3.19 llnes/Amp.ln 

(12. 566 * 10~ 7 henery ) 
meter 

Ampere- turns per pole, f m - 3.92 per Ampere, 

Further details on this motor can be found in 
reference [1]. 
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Discussions 

John A. Mallick (General Electric Company, Schenectady, NY): The 
authors of this paper have attempted to calculate the eddy current losses 
in the permanent magnet and support pieces of an electronically com* 
mutated motor, but this discusser is not convinced of the validity of 
their modelling and calculation procedure. 

First of all, the autho/s mention that the losses calculated here are 
due only *o the tangential component of the magnetic field of the stator 
winding; this is not true, since the radial and tangential field com- 
ponents arc connected via Gauss' law for magnetic fields. Given their 
model of a machine with an infinitesimal air gap between the outer shell 
and the stator current sheet, their use of the tangeriu*! magnetic field as 
an outer boundary condition is proper; however, this model will then 
account for aU of the losses due to that current shtet excitation, not just 
those due to the tangential field. 

The authors have chosen a model »n which the field quantities are in- 
dependent to the angle 4/; a much more realistic model could have in- 
cluded the angular variation at very little increase in complexity, since 
only the space fundamental is used. Why have the authors chosen such 
a model as they did? 

The determination of h v | (b) in the paragraph preceding equatior 18 
is in error. The authors* model uses a current sheet backed by stator 
iron which presumably has a permeability much greater than that of 
free space; therefore, will exist only on the air gap side of the cur- 
rent sheet, being near ^ro parallel to the iron surface. Thus equation 18 
should be multiplied by a factor of 2 to account for the change in the 
line integral of H^. The calculated losses will increase by a factor of 4. 

The authors do not indicate how many harmonics were used in 
evaluation of the loss formula presented. Using the data given in Ap- 
pendix A. one can calculate a classical skin depth for the fundamental 
at 9000 RPM to be on the order of 0.5 inches, with higher order skin 
depths varying . * - :/ * . This skin depth is large compared .0 the sleeve 

thickness, so it seems to this discusser that using Bessel functions to 
calculate the current there to be somewhat of an overkill; a simpler ap- 
proach would give comparable accuracy. 

Manuscript received February 28 , 1982. 


A. K. Nagarkatti, O. A. Mohammed and N. A. Demerdash: These 
authors wish to thank Dr. J. A. Mallick for his interest m the paper, 
and ofler the following clarifications and comments in response to the 
various points raised in Dr. Mallick's discus^on: 

1) The authors wish to reemphasize what was already stated in the 
paper, namely that the calculation method given in this paper ts 
presented only as an approximation tc the eddy current losses in the 
metaiic sleeves of such machines. There is experimental evidence based 
on measured rotational losses at no-load and load conditions in the 
motor at hand, which demonstrates the validity of the results obtained 
b> this approximate calculation method. This evidence is given in the 
Tabic below, in which the rotational losses are given for the I5np motor 
at hand under no load as well as at rated load operating conditions: 


Measured Rotational Losses at 7800 R.P.M. 


Rotational Losses at No-Load 

Rotational Losses at Rated 
Load, at a Current 1 134 
Amps dc line 

400 Walls 

520 Watts 


This table reveals that an increase in the value of rotational loss o» 
only 30 Watts took place at a load of 1 34 Amps of line current (slightly 
above rated), in comparison with the no-load rotational loss. This in 
crease is attributed to the additional sleeve and magnet losses at load as 
well as changes in the core losses resulting from the existence of an ar 
mature mmf under load. Our calculation as shown m the paper predicts 
a sleeve and magnet loss greatei than 8 Watts and less than 21.5 Watts 
according to the loss table given in the paper. This range lies within the 
total increase in rotational losses of 30 Watts mentioned above, which 
includes the aforementioned increase in the core losses as well as the 
sleeve and magnet eddy current losses subject of this paper. Therefore, 
it seems that despite the assumptions made in the analysis, the resulting 
calculated loss values are within the bounds obtained from the ex- 
perimental data, and hence the method represents a reasonable ap- 
proach. 

2) We wish to emphasize that our statement that “only losses due 10 
the tangential component of the stator magnetic field are considered 
herc M meant that we are net including the flux density pulsations (rip- 
ples) due to the tooth-slot effect as the sleeve and magnet rotate con- 
tinuously past the slotted stator. This pulsation which results from the 
variation in, the radial magnetic reluctance from tooth to slot ex- 
peri meed by every portion of the sleeve and magnet is not accounted 
for here. Also, the one dimensional nature of our formulation, which is 
acceptable in many similar applications, tends to ignore the largely two 
dimensional nature (tangential and radial) of the stator field effects on 
the axially induced eddy currents. We do not believe that any magnetic 
field laws were violated, subject to the stated assumptions. 

3) We disagree with Dr. Mallick's statement that “the authors have 
chosen a model in which the field quantities are independent to the 
angle, 4;“. Indeed the excitation function along the outer sleeve boun- 
dary with the airgap is a complicated function of the angular position 
along the sleeve as shown in Figure (4) of the paper and explained in the 
section on “HARMONICS OF STATOR EXCITATION 
FUNCTION". 

Dr. Mallick states that “a much more realistic model could have in- 
cluded the angular variation at very little increase in complexity, since 
only the space fundamental is used". We wish to emphasize that this 
analysis indeed allows for the angular variation in the tangential excita- 
tion function, and not only considers the fundamental component of 
excitation at every discretized point on the sleeve, but also its harmonic 
components, again as given in equations (21) through (23), and as 
subsequently explained in the algorithm. 

4) We do not agree with Dr. Mallick's suggestion that the excitation 
function in equation (18) should be multiplied by a factor of two. Tht* 
is because of the fact that closer examination of the magnetic field tines 
linking the stator conductors (which arc the source of excitation) reveals 
that these lines have to toss teeth and slots, in much the same manner 
as the leakage flux path. 

Because of the large slot to tooth width in the conductor region, it is 
not an unreasonable assumption to take the return field path shown in 
Figure (3) by line (1-2) in the loop to be ef ctivcly air. Hence, the 
justification arises for the statement "H^j (b) 2u> = r.m.s current 
enclosed by loop". 

5) The authors do not agree with the suggestion made by Dr. Mallick 
that skin depth does not warrant the use of Bessel functions. This .s 
because of the existancc of a conducting medium below the sleeve, 
namely the permanent magnet, which adds a considerable conducting 
thickness below' the sleeve. Also, it must be noticed that the frequency 
of the excitation function is six times that of the inverter frequency 
(motor speed). This is because of the nature of the excitation wave 
form, see Figure (4) of the paper. Thus, we believe that the 0.5 indies 
depth of penetration mentioned by Dr. Mallick is incorrect. 

We conclude by again thanking Dr. Mallick for the opportunity given 
to us by his questions to lUucidate the various points of potential am- 
biguity which he raised in his discussion. 

Manuscript received June 7 , 1912 
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APPENDIX (10) 


ON THE PERFORMANCE OF THE SAM, .RIUM-COBALT 
AND STRONT I U'/l- FERRITE BASED BRUSHLESS 
DC MACHINE-POWER CONDITIONER SYSTE MS 


Demerdash, N. A., Miller, R. H., Nehl, T. W. , Overton, B. P., and 
Ford, C. J., "Comparison Between Features and Performance of Fifteen 
HP Samarium Cobalt and Ferrite Brushless DC Motors Operated by Same 
Power Conditioner,” IEEE T ransactions on Power Apparatu s and Sys - 
tems, Vol. PAS-102. 
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Abstract - The Impact of samarium- cobalt and fer- 
rite magnet materials on the design and performance 
character 1st ics of eiectrunically commutated brushless 
dc motors of equal horsepower output is presented. This 
is accomplished through the design, construction and 
testing of two 15 hp, 120 volt brushless dc motors 
built for propulsion of electric vehicles, and similar 
applications. In one of these motors, samarium-cobalt 
iSm Coij) Is used as permanent magnet material, while 
In the ocher the magnets were made of ptrontiut- ferrite 
number 8. The f wo machines were built t' operate from 
the same power conditioner, which consisted of a tran- 
sistor chopper in series with a three phase full wave 
inverter/converter bridge, which consists of six tran- 
sistor-diode switches. Both of the two motors achieved 
i continuous 2 hour rating of more than 15 hp with a 
peak one minute rating of 35 hp. System efficient 
(combined motor and conditioner) under rated conditions 
ol 90% was achieved for both machines. Details of 
these and other performance characteristics and design 
parameters are presented and analyzed to assess the 
impact of the choice of magnet material on design and 
Performance for this, as well as other applications. 

INTRODUCTION 

Electronically coorautated brushless dc rotors are 
increasingly becoming practical for numerou* Industrial 
applications. These applications ir.clud* » .ectroraechan- 
icai propulsi -11 as many actuation systems. Ex- 
amples or sui , * . /eiopments can be found in the 

Literature such as [1] through (4]. 

r v, “ . U .u . o t the classical brush type com- 
mutator allows one , . design such machines for opera- 
tion at much higher speeds than standard brush type dc 
machines. Such high rated speeds lead to considerable 
reduction In weight and volume ot these electronically 
-ommutated machines In comparison with a brush type 
machine ot the same rated horsepower. 

rhe use of permanent magnets as sources of exci- 
tation on the rotors of these machines leads to the 
elimination of rotating armatures. Accordingly, with 
the resulting stationary armatures in these brushleaj 
machines, considerable improvement in the thermal char- 
acteristics of such motors can be achieved for a given 
horsepower rating. Also, the elimination of a rotating 
armature leads to a number of additional winding design 
s imp 11 f icat ions. 

The advent of magnetically powerful samarium-co- 
balt type permanent magnets made it possible to design 
and construct such motors with Increasing horsepower 
ratings so as to mcke them s.ltsble for possible use in 


8' *'M ’41-8 A paper recommended and approved by the 
IEbE Rotating laehtnerv Cownlttee ot the IEEE Power 
Engineering Society for presentation at the IEEE PES 
1982 Winter Meeting, New York, New York, January 11- 
Februarv 5, 1°12. Manuscript »ubmitted September 14, 
laMI; made available tor printing November 18, 1981. 


propulsion of electric passenger vehicles anu siaiUr 
applications 1 1 • Only samarium-cobalt was used in 
the development of brushless dc rotors In these previ- 
ous efforts ^ * However, the cost anu. the uncertain 
availability of cobait as a strategic material have 
became of Increasing concern to many potential user* ot 
sui * brushless dc motors. This was a major factor In 
propelling the authors to develop, build and test two 
brushless dc motors ot the same i naruk. terist lea. One 
was built with 18 MGO samarium- cobalt rotor magnets, 
while the otner was built using strontium- ferrite 
number 8 magnets, for purposes of comparison and as- 
sessment of ferrites as substituten rut iauui ilum-- ub«*l t. 

ihe two rotors are rated 15 hp, at 120 volt* dc 
line voltage, and can be operated by the same elect* ,n- 
ic power conditioner. Both rotor* were tested, and can 
safely develop a peak horsepower of 35 hp tor one min- 
ute. Overall rotor-conditioner efficiencies ot about 
90% were encountered when operating both machines. Com- 
parison between the various design features and aspects 
involved in both rotors, as well as cue resulting per- 
formance is believed to contain several contributions 
to the present state of the art. 

ELECTRONIC POWER CONDI TIONER-MOTuk iftlERACTIuN 

It is only recently that electronically commutated 
brushless dc rotor systems have been developed using 
samarium- cobait permanent magnets and power transistors 
as switching elements for electronic commutation (power 
conditioning), see references [Ij through [6]. Ir *uch 
a system, the machine consists of a three phase t yp« ac 
armature mounted on the itator, and a rotor who** exci- 
tation is supplied by a system of permanent mag *et 
poles. As shown in the machine-power conditioner sche- 
matic of Figure (1), rhe three phase armature Is con- 
nected to a three phase inver cer/converter (motoring-' 
regenerative braking) bridge which contains *ix power 
transistor-diode switches, Q^-D^ througn The 

three phase inverter/converter bridge 1* connected to i 
series/shunt type two quadrant chopper tor dc line cur- 
rent magnitude limiting and control Since the dc Line 
current is proportions*. to the rotor torque, the chop- 
per functions also as a torque controller. In this 
chopper, the transistor conducts during the "on" 
state while the diode Djg conducts during the "otf" statr 
of the chopper in the motoring rode. The transistor <)„ 
conducts during the "on" state while the diode D con- 
ducts during the "off" state of the chopper in tile 
regenerative braking rode ThlB permits rotoring and 
regeneration when the line to line value of the motor 
back emf is considerably lover than the supply voitage. 
Both rotors ware designed so that at rateu power and 
speed the chopper was continuously on to minimize 
switching lossss. The chopper Is connected to the dc 
supply through an input capacitor fi’tei for ripple 
reduction. Thia conditioner permits the macM to 
function in a motoring state and in a regenerative 
braking state, which is deal* able for Letter efficiency 
in electromechanical propulsion and similar appliii- 
t ions . 

The inverter transistor? Qj chiuugn i)t> 4 e svluti- 
ed "on" and "off" by control signals generated bv a 
Hail-effcct rotor position sensor {rp*). in this work, 
the rps effectively consisted of two sets ot three Hall 
devices displaced from each other by 30* electrical. 
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7 is is to enable one to use a normal inverter transis- 
♦ r firing mode under rated 15 hp conditions and an ad- 
meed inverter transistor firing Diode for peak power 
v • 35 hp. Technical aspects of the need for advanced 
j. r m g are discussed late'f on in this paper. 
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Figure (1) Machine-Power Conditioner Schematic and 
Idialized Motoring Currents 

Proper sequential switching of Qy through Qfc leads 
to a, b and c phase current wave forms such as ideal- 
ized in block form in Figure (1). In this figure one 
can see the ex trance of si - *- distinct armature current 
states. This establishes in the motor a stator (arma- 
ture) raraf which travels in discrete jumps of 60° elec- 
trical each time switching takes place from one current 
state to the next. The rotor mmf (magnets) is contin- 
uously forced to fellow that motion. The result is 
equivalent to that of a synchronous machine in which 
the torque angle (angle between a~mature and field 
rnmfs) varies cyclically rrom beginning to end of each 
cf the six armature current states between 120° and 60° 
electrical durin^ normal inverter transistors 1 firing, 
and between 150° nd 90° electrical for a 30° electri- 
cally advanced f J ig of through Q^, as shown in 
Figur (2). Shot , in dotted lin* form for convenience 
in Fig”., ljl) Js the path of the current through the 
conditio ,.c. e.nd machine during the first 60° electrical 
*< f the armaria* current i yrls given in « tie figure 


WTO* ** 

BEGIN*!*. > SUIt 

\ fK° tuej 


LAO 0 ELLL. 
iUL. 4 


STATON m 


rotor m 

i u sun 

> 

WWl WATER Filtift 

/S? 



(SWITCHING) 

jr m 

OF STATE 

• ROTOR 

\ 

i i" 



/ 

y_STATWt m 


W 0 ELECTRIC* ALVAUCD) m»T[H HUNG (SWITCHING) 


rotor m 
Etf Of STATE 


• ROTOR 


Figure (2) Internal Torque Angles for Normal and 30* 
Electrical of Advanced Inverter Transistor 
Firing, at Eeginning and End of an Armature 
Current State 


The diodes, D| through , provide current paths 
during phase current commutation. They also function 
as a three phase full wave rectifier bridge during 
machine operation in the regenerative braking mode. The 
diodes, and Dg, provide the necessary de line current 
paths during the "of f* periods of the transistors Vm 
and Qg in uie motoring and regenerative braking modes, 
respectively. The function of the diode, Dr, is to pro- 
vide a return path for the current through th 1 .uopper 
inductor during the switching instances when the path 
through the inverter may be blocked momentarily. Thus 
it eliminates the danger of any severe (Ldi/dt) type 
voltage transients. Figure (3) shows the overall 
machine-power conditioner system and supporting instru- 
mentation during dynamometer testing of the ferrite per- 
manent magnet based motor. 



Figure (3) Motor-Power Conditioner During Dynamoter 
Testing of the Ferrite Based Machine 

I MPACT OF SYSTEM PERFORMANCE REQUIREMENTS 
ON ROTOR POSITION SENSOR (KPS) D ESIGN 


Both the ferrite based and samarium cobalt based 
mitors developed in this work were intended for propul- 
sionof a 1363 kg (3000 lb.) passenger vehicle. A num- 
ber of stringent performance requirements had to be met. 
These included continuous operation for 2 hours under 
raTed torque and speed, performance under schedule D ot 

I I IC A A I I „* f a O I ami a I *1 -I l I ,r r < y h < a r r I i- 1 c- 1 ell 1 f | / | 

f o r (let a I I s ) , as well a«s r equ i r emeu I * '• I hill * II mh I ng « * I 

up to 10% grade, etc. Accordingly, both of these mo tort* 
were required to have a 15 hp continuous (2 hours) rat- 
ing and a peak 35 hp one minute rating, both at a nomi- 
nal voltage of about 115 volts. The peak power require- 

ment meant that the system must have the capability of 
withstanding and building up to a peak dc line current 
of about 300 Amperes, and sustaining this current for 
one minute, with the motor winding at its normal operat- 
ing temperature. 

However, it has been shown in two previous investi- 
gations by Nehl, et.al. [5, 6] that the system capabili- 
ty of build up of dc line current, for purposes of 
achieving peak horsepower output at rated voltage, is 
heavily depei J *nt on a number of factors. These factors 
are: 1) winding inductance values, 2) the waveform pro- 
files of induced back emfs In the armature phases, and 
3) the time of firing of an inverter transistor switch 
of a given phase with respect to the back emf vave form 
of that phase. The third factor mentioned above Is a 
key element in the design of a suitable rps fer these 
motors . 

It will be agreed here that when an inverter tran- 
sistor is fired at the instant jf zero crossing in the 
phase emf wave form, with a positive rate cf increa « of 
that emf with respect to time, such firing will be re- 
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fered to as a 30° electrical advanced firing. Mean- 
while, when such firing takes place with a delay of 30° 
electrical after the above mentioned zero crossing in 
the emf wave fotm, such firing will be rerered to as 
normal (or zero 0 electrical advanced) firing, Figure (2). 

It was found by Nehl, et. al. [5, 6] that skewing 
of the armature slots by one slot pitch, in addition 
to 30° electrical advanced inverter transistor firing 
is necessary to achieve the required peak horsepower 
rating of 35 hp at ii5 volts dc line voltage. Ad- 
vanced inverter transistor firing facilitates the pro- 
cess of dc line current buildup, because it permits 
the buildup process to start at a time when the phase 
back emf of the nr .or, opposing the supply voltage and 
flow of the dc line current, is at its lowest value. 
That ~mf is zero at the instant of start of the tran- 
sistor firing. For details references [ 5, 6] should 
be consulted. 

This advanced firing state has a slight adverse 
effect on the motor efficiency. Accordingly, it was 
decided to use such advanced firing only for peak 
power operating conditions, and use normal firing dur- 
ing rated operating conditions. Therefore, the rps 
for each of the motors at hand was designed with the 
equivalent of two sets of three Hall effect devices, as 
can be seen in Figure (4). One set of three Hall de- 
vices (normal firing) is activated during normal rated 
operating conditions, while the other set (30° elec, 
advanced firing) is activated for peak output power 
operation. 


. < , r , ... ' t 



Figure (4) Rotor Position Sensor 

DESIG N OF THE SAMARIUM- COBALT BASFD AND FEIdUTE 
BASED MOTORS 

The samarium cobalt and ferrite based motors 
developed in this investigation are shown in cross- 
section in Figures (5) and (6) respectively. Again, 
these motors were both designed for a contiau >us rating 
of 15 hp at 115 volts dc line voltage, with a capabili- 
ty for a peak one minute rating of 35 hp at the same 
rated voltage (the supply voltage specified could range 
from 90 to 120 volts). The stator core lamination 
stack of the samarium-cobalt baaed motor can be seen in 
Figure (7). Meanwhile, the rotor and assembled arma- 
ture in its housing are given i*. Figure (8). The sta- 
tor core lamination stack of the ferrite based motor is 
shewn in Figure (9). The rotor and assembled armature 
in its housing are given in Figure (10). 

Details on the various de * gn characteristics of 
these two motors are given in Table (1). It should be 
observed that the outside core (stator laminations) 
diameter was 6.518 inches (16.56 cm) in both designs. 
Meanwhile, the stack lertgth of the samarium- cobalt 


motor was a incites t J ’ > -x, . -..d u-jL - '- riC: i^rrite 

motor was 8.5 inches Ui 59 ldu. It is interesting to 
point out that the weight ur the sam^rium-coDai t motor, 
about 60 lbs. (27 kg), is .ess Ll.au half of the weight 
of the ferrite motor, abo Jt 127 lbs. (57.796 kg). It 
is also interesting for one to compare the weight ratio 
of the two motors, which is about 1.0 :o 2.0, to tne 
ratio of the energy product of the particular samarium- 
cobalt and ferrite materials used, whii.h is about 5.0 
to 1.0. 
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Figure (5) Cross-Section of the Samarium-Cobalt Motor- 
Outer Lamination Diameter - 6.518 Inches 
(16. 556 . m) 



Figure (6) Cross-Section of the Ferrite atut-Outer 
Lamination Humeter * 6,518 Inches 
(16.556 cm) 



Figure (7) Stator Core of the Samarium- Cobalt Motor 
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Figure (8) Assembled Armature, Housing and Rotor of 
the Samarium- Cobalt Motor 



Figure (91 Stator Core of the Ferrite Motor 



Figure (1C) Assembled Armature, Housing and Rotor of 
the Ferrite Motor 


Another important feature of the armature windings 
of both motors is the existance of two groups of coils 
per phase. This is to enable one to operate both 
machines as shown in Figure (11) with a series mode 
(one path per phase) or a parallel mode (two parallel 
paths per phase), for low speed and high (rated) speed, 
respectively. 

These motors were designed for operation in con- 
junction with a two speed vehicle transmission. Ac- 
cordingly, the series winding connection is intended 
for vehicle speeds below 15 m.p.h. (24 km.p.h.). The 
parallel winding connection is intended for vehicle 
speeds above 15 m.p.h. Above a vehicle speed of 30 
m.p.h. (48 km.p.h.) the high speed transmission gear 
ratio is used in conjunction with the parallel winding 
connection. 

Both machines were designed in such a manner that 
natural air cooling would be sufficient for normal 
operating conditions, in both motors T.E.N.V. en- 
closures were used. As will be shown later, the tem- 
perture rise of the ferrite motor was not large enough 
to affect the magnet strength in such a way as to ad- 
versely affect the performance. 

Tabel (1) Parameters and Characteristics of the 

Samarium-Cobalt Based and Ferrite Based 
Motors From Design Calculations and Test 


Parameter 

and 

Units 

Samarium- 
Cobalt Sm Co^ 
Design 

Strontium 1 

Ferrite it 8 j 

Design 

motor outside 
diameter, in. (cm, 

7.88(20.02) 

7.88 (20.02) 

motor length, in. 
(cml 

13.35(33.91) 

18,85 (47.88) 

weight, lbs. (kg) 

60.0 (27.2) 

127.0 (57.6) 1 

stator lamination 
out *de diameter, 
in. (cm) 

6.518(16.56) 

6.518 (15.56) 

i 

stator lamination 
stack. length, in. 
(cm) 

4.00 (10.16) 

8.50 (21.59) 

stator lamination 
inside diameter, 
in. (cm) 

3.062(7.78) 

4.07: (10.34) 

number of stator 
slots 

18 

18 

number of poles 

6 

6 

rotor (magnet str.) 
outside diameter, 
excluding sleeve, 
in. (cm) 

2.930(7.44) 

3.930 (9.96) 

rotor outside 
diameter, including 
sleeve, in. (cm) 

3.000(7.62) 

4.000 (10.16 

rotor (magnet 
structure) axial 
length, in. (cu.) 

3.60 (9.14) 

8.75 (22.23) 

magnet (radial) 
length (in direc- 
tion of magneti- 
zation) , in. (cm) 

0.490(1.24) 

’ 

0.740 (1.88) 

magnet cross-sec- 
tional area per 
pole (perpendicular 

to flux), in. 2 (car) 

3.766(24.30) 

12.163(78.47) 

total magnet volume 
(all poles) , in. 3 
(cm 3 ) 

11.072(181.4) 

54.004(885.0) 

! total magnet weight 
(all poles), lbs. 

(Kb) 

3.23(1.47) 

9.56(4.34) 

j rotor inertia con- 
| stanc, lb. ft. sec? 
| (kg. m 2 ) 

0.00234(0.00317; 

0.01200(0.0163) 
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Table (1) Continued 


Parameter and Units 

Samarium- 
Cobalt Sm Co,. 
Design 

Strontium 
Ferrite //8 
Design 

Y-connected arma- 
ture winding 

yes 

yes 

armature winding 
ctinf i gurat ion 
(connection) 

series/parallel 

series/ parallel 

method of harmonic 
reduction 

skewing by one 
stator slot 

skewing by one 
stator slot 

maximum allowable 
winding temp. , °c 

170.0 

170.0 

rated input voltage 
(on dc side), volts 

120.0 

120.0 

rated armature cur- 
rent (on dc side), 
amperes 

125.0 

125.0 

rated horsepower, hq 

15.0 

15.0 

*speed at rated 
horsepower, r.p.m. 

*8680 

*8840 

*torque sensitivi- 
ty at high speed 
armature winding 
connection, lb. 
ft. /ampere 
(Newton Pieter/ 
Ampere) 

*0.0885(0.11999 

*(0.0992) 

back emf sensitivi- 
ty (constant) at 
peak of sine wave 
for high speed 
armature winding 
connection, volts/ 
mech. radian/sec. 

0.1200 

0.0993 

armature winding 
resistance (line to 
line) for high 
speed armature con- 
nection 25°C, ohms 

0.0047 

0.0049 

♦torque sensitivity 
at low speed arma- 
ture connection, 
lb. ft, /ampere 
(Newton Meter/ 
ampere) 

*0.1770(0.23998; 

*0.1464(0.19849) 

back emf sensitivi- 
ty at peak of sine 
wave for low speed 
armature connect ion < 
volts/mech. radian/ 
sec. 

0.2400 

0.1986 

armature winding 
resistance (line to 
line) for J nw speed 
armature connection 
25°C, ohms 

0.0188 

0.0196 

maximum r.p.m. for 
low speed armature 
connection, r.p.m. 

4300 

4500 

maximum horsepower 
hp 

35.0 

35.0 

♦motor speed at 
maximum horsepower 
r. p, m. 

*6900 

*6750 

armature current at 
maximum horsepower, 
amperes 

% 1 
291.6 

291.6 

rr | 

Thermal Time 
Constant (minutes) 

1 

35 min. 

45 min. 

Steady State Top 
Rise Above Amb. 
25*C 

128*C 

113*C 

i 

♦Obtained from Te«*t Measurements 


PERFORMANCE CHARACTERISTICS OF Xllb SAMARIUM- COBALT 
AND FERRITE MOTO RS 

The two motors were dynamometer tested unucr rated 
and peak power conditions. The v.orresponding perfor- 
mance data are given below. 

Rated Power Performance Test Result s 

The two motors were dynamometer tested under rated 
conditions, using the same power conditioner described 
above. This test ^as run continuously for two hours to 
obtain the thermal characteristics of both motors as 
well as the conditioner. This is in order to ensure 
the ability of both units to operate continuous) v under 
rated conditions. 

Typical readings of input dc lir.e voltage, dc line 
current, motor speed, motor input power, motor output 
power, and motor as well as overall system (combined 
motor-conditioner) efficiences, obtained during this 
test, are given in Table (2) for both motors. It should 
be noted cnat these test readings are subject to normal 
instrumentation errors of about 2%. 

Examination of the data of Table (2) reveals that 
both motors performed equally well, and Lhat motor 
efficiencies of 97% are p^sible, with an attainable 
combined system (motor-conditioner) efficiency of about 
90%. (Design calculations indicated motor efficiency 
of 96% for both units). 

Oscillograms of machine phase current, line to 
neutral voltage, and line to line voltage at rated lead 
for the samarium-cobalt motor are given in Figures (12), 
(13) and (14), respectively. Also, oscillograms of 
raa hine phase current, line to neutral voltage and line 
to line voltage at rated load are given in Figures (15), 
(16) and (17), respectively tor the ferrite motor. 




Figure (11) Schematics of Armature Winding for Low 
Speed and High Speed Connections 



Cobalt Motor Under Rated Load (Ordinate » 
80.4 Amperes/dlv. , Absciss » 0,5 m sec/divj 
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Tab:e (2) Performance of the Samarium-Cobalt and Ferrite Motors at Rated Conditions 


f ^rformance 
uu.mt i t\ 

Motor 

' Armature 
1 Connection 

HTC Line 
| Voltage 
1 (Volts 

i 

; DC Line 
Current 
j (Amps 

1 Motor 
j Speed 
(RPM) 

1 

j Motor 
j Input 
(Watts 

Motor 
Output 
(Watts i 

(ht>) 

I Motor 
1 Ef f iciency 
(%) : 

Overall 

System 

Efficiency 

(Z) 

Samarium- 

Cobalt 
Mo t o r 

Parallel 

! 

116.0 

i 

1 

! U0.2 

i 

j 86 80 

i 

i 

1 11672.7 

j 

1 

1 

11341. 7/15.2j 

97.16 

88.72 

Ferrite 

Motor 

• Parallel j 

i 1 

b — 

| 115.6 

1 

| 107.3 

8840 

| 11648.0 

j 

11299. 7/15. ^ 

97.00 

91.18 


a 



Figure (13) Line to Neutral Voltage Oscillogram of 
the Samarium- Cobalt Motor Under Rated 
Load (Ordinate * 50 Volts/div., Abscissa* 

0.5 n sec . / div. ) 



Figure (14) Line to Line Voltage Oscillogram of the 
Si...,ariuM- Cobalt Motor Under Rated Load 
(Ordinate * 50 Volts/d v., Abscissa * 
0.5m sec. /div. ) 



Figure (15) Phase Current Oscillogram of Ferrite Motor 
Under Rated Load (Ordinate * 80.5 Amperes/ 
div,. Abscissa * 0.5 m c ec./div.) 



Figure (16) Line to Neutral Voltage Oscillogram of the 
Ferrite Motor Under Rated Load (Ordinate - 
50 Volts ^div. , Abscissa * 0.5 in sec. /div, ) 
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Figure (17) Line to Line Voltage Oscillogram of the 

Ferrite Motor Under Rated Load (Ordinate - 
50 Volts/div. , Abscissa - 0.5 m sec./div.) 

Peak Pover Performance Test Results 

The two motors were dynamometer tested under peak 
load contitions of more than 35.0 hp for more than one 
minute each. This test is supposed to ascertain the 
ability of he motor and conditioner to deliver high 
values of output power for short periods of time, for 
purposes of acceleration and other overload conditions. 

Readings of input dc line voltage, dc line current, 
motor speed, motor output power, end overall system 
(mo tor- conditioner) efficiencies, obtained during peak 
power dynamometer testing, arc given in Table (3) for 
both motors. Noise problems were encountered in the 
digital instrument reading the motor input power. There- 
fore, this power and the Isolated motor efficiency are 
not available In this data. 

It should be pointed out that it was necessary to 
advance fire the inverter transistors by 30° electrical 
in order to achieve the dc line current build up nec- 
essary to attain a peak motor output power of 35 hp, 
for both motors with a terminal dc voitage of about 
120 volts or less. 

Examination of th* test data in Table (3) reveals 
that both motors performed vt.ll, with a somewhat higher 
overall svatem efficiency for the same rim*- cob alt motor 
under peak power conditions. It is worth mentioning 
that peak powers of more than 42 hp have been reached 
by these motors at a dc line voltage 150 volts. 

Oscillograms of machine phase current, line to 
neutral voltage, and line to line voltage at peak load 
conditions are given in Figures (18) through (23) , for 
ne samarium- cobalt and ferrite motors, respectively. 



Figure (18) Phase Current a . > l a. - r t * 1 ainu r ium- 

Cobalt Motor 'fruit Ppuk ■ ,.nd (Oru’i.i re = 
201 Amperes /div. , abscissa - •' *ti s«c./ 
div. ) 



Figure (19) Line to NeutraJ Voltage Oscillogram of th. 

Samarium-Cobalt Motor Undei. Peak Lead 
(Ordinac * 50 Voir.s/div., Abscissa « 

0.5m , /div. ) 



Figure (20) Line to Line Voltage Oscillogram of rhe 
Samarium-Cobalt Motor Under Peak Load 
(Ordinate * 50 Vclts/dtv. , Abscissa * 

0.5 u sec./div.) 


j Table (3) Performance of the Samar turn- Cob alt and Partita Motors at Peak Power of 35 HP 

Performance 

Quantity 

Motor 

Armature 

Connection 

DC Lina 
Voltage 
(Volts) 

DC Line 
Current 
..... (Aaps) _ 

Motor 

Speed 

(RPM) 

Motor 

Input 

(Watts) 

Motor 
Output 
(Watts) / (up/ 

Motor 

Efficiency 

_ (Zj. 

Overall 

System 

(Z) 

Samarium- 

Cobalt 

Motor 

Parallel 

115.0 

287.5 

6900 

A 

26184.6/35.1 

A* 

79.2 

Ferrite 

Motor 

Parallel 

120. V 

297.6 

6750 

* 

’■ * 

2661?. 2/35. 7| 

* A 

74.0 


* Motor Input Pover Reading Was Not Obtained 
** Could Not Be Calculated Because Motor Tnput Power Is Not Known. 
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Figure (21) Phase Current Oscillogram of the Ferrite 
Motor Under Peak Load (Ordinate * 201 
Amperes/ div. , Abscissa * o.5 m sec./div.) 


/ — j- • - • 

* 1 l * 



Figure (22) Line to Neutral Voltage Oscillogram of the 
Ferrite Motor Under Peak Load (Ordinate - 
50 Vclts/div. . Abscissa ■ 0.5 m sec./div.) 



Figure (23) Line to Line Voltage Oscillogram of the 

Ferrite Motor Under Peak Load (Ordinate - 
50 Volts/rtiv. , Abscissa - 0.5 m sec./div.) 
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DISCUSSION OF RESULTS 

The test results given above indicate that the 
differences in the rated power, efficency, peak power 
capability as well as motor-conditioner interaction 
characteristics of the two machines were msignil leant . 
However, there are significant differences in some of 
the design parameters. 

The most obvious difference is in the volume and 
weight ratios of the two motors. Both ratios were 
about 2.0 to 1.0 In favor of the samar ium-cobalt motor. 
This indicates that, in applications where weight or 
volume is of primary importance, samar ium-cobalt de- 
signs would be favored. 

A comparison between the rotor inertias of the two 
machines shows a ratio of about 5.0 to 1.0 in favor of 
the samarium-cobalt. This may be significant in servo 
type applications where fast response is an important 
consideration. 

The cost of the permanent magnet material for the 
samar ium-cobalt motor was about five times that of the 
ferrite motor. However, this was slightly offset by 
the longer stack and additional copper as well as labor 
for the ferrite motor. Whenever magnet material avail- 
ability and security of supply is of primary consider- 
ation, the ferrite motor may be favored. The above 
considerations indicate that for general purpose pro- 
pulsion and similar applications, the ferrite design is 
preferable. 

CONCLUSIONS 

Results of this investigation show that electroni- 
cally commutated brushless dc motors of equal horse- 
power and equal performance can be constructed using 
samarium- cobalt or ferrites for magnet materials. Tie 
choice of the magnet material impacts weight, volume 
and motor inertia the most, with samarium- cobalt lead- 
ing to significant reductions in all three. From the 
standpoint of magnet material cost and security of 
supply, ferrites appear to be preferable. It has been 
shown that motor-power conditioner efficiencies of 90% 
or better are practical and achievable It has also 
been shown that peak horsepower outpace of more than 
double the rated value are achievable, especially by 
use of the concept of advanced phase current firing to 
maximize dc lint- current build-up during conwutation. 
Power conditioners built entirely by use of power tran- 
sistors for the present ratings were shown to be prac- 
tical. 

ACKNOWLEDGEMENTS 

These authors wish to acknowledge the financial 
support gi a by NASA Levis Research Center /Department 
Energy Contract No: DEN3-65, and wish to acknowledge 
the keen interest and useful guidance of the contract 
monitor Mr. E. Maslowski of the Lewis Research Center. 
The authors wish to thank Dr. R. Churchill, Vice-Presi- 
dent, search and Development Center, Industrial Drives 
Divisi .i, Kollmorgen Corporation, Radford, Va., for 
availing the manufacturing and test facilities of both 
the R and D Center and the Industrial Drives Division. 

F BFERENCES 

[1] telco Electronics, "Final Report on the Electro- 
mechanical Flight Control Actuator", Final Report 
NASA- JSC Contract NO. NAS9-14952, General Motors 
Corporation, telco Electronics Div. , Santa Barbara 
Operations, Goleta, CA, 1978. 

[2] Sawyer, B. nnd Edge, J. T. , "Design of a Samarium- 
Cobalt Brushless DC Motor for Electromechanical 
Actuator Applications", Proceedings of the IEEE- 
National Aerospace and Electronics Conference , 
Dayton, Ch^o, 1977. 



ORIGINAL' PAGE 

P ’ '' -K AND WHITE PMOTDODf.pu 




112 


ORIGINAL PAGE » 
OF POOR QUALfW 


[3] Edge, J. T. , "An Electromechanical Actuator Tech- 
nology Development Program" , Paper NO. 780581, 
Society of Automotive Engineers, Proceedings of the 
Aerospace Fluid Power and Control Technologies 
Symposium , 1978. 

[4] Demerdash, N. A., lee, F. C. , Nehl, T. W. and Over- 
ton, B. P., "A Brushless DC Motor-Power Conditioner 
Unit Designed and Built for Propulsion of Electric 
Passenger Vehicles Phase (I)", Paper NO. EVC 8013, 
Proceedings of the International Electric Vehicle 
Conference and Exposition, St. Louis, NO, 1980. 

IS] Nehl, T. W., Fouad, F. A. and Demerdash, N. A., 
"Digital Simulation of Power Conditioner-Machine 
Interaction For Electronically Conmiutatcd DC Per- 
manent Magnet Machines", Paper Presented at the 
XEEE-Intermag 81, Grenable, France, Accepted for 
Publication in the November, 1981 IEEE Transaction 
on Magnetics . 

[6] Nehl, T. W., Fouad, F. A., Demerdash, N. A., 
and Maslowski, E. , "Dynamic Simulation of 
Radially Oriented Permanent Magnet Type Elec- 
tronically Operated Synchronous Machines with 
Paramenters Obtained from Finite Element Field 
Solutions", Paper Accepted for Publication in 
the IEEE Transactions on Industry Applications. 

[7] "Electric Vehicle Test Procedure-SAE J227a", 

Society of Automotive Engineers, Inc., 1976. 


NABEEL A. DEMERDASH (M f 65 - SM'74) was born in 
Cairo, Egypt, on April 26, 1943. He received the B.Sc. 
E.E. degree with distinction and first class honors from 
Cairo University, Egypt, in 1964 and the M.S. and Ph.D. 
degrees in Electrical Engineering from the University 
of Pittsburgh, Pittsburgh, Pennsylvania, in 1967 and 
19/1, respectively. 

From 1964 to 1966 he was with the Faculty of Engi- 
neering, Cairo University as a Demonstrator. From 1966 
1968 he was with the Department of Electrical Engi- 
neering, University of Pittsburgh, as a Graduate Teach- 
ing Assistant. In 1968 he joined the Large Ro J -ting 
Apparatus Division of Westinghouse Electric Corporation, 
East Pittsburgh, Pennsylvania, as a Development Engineer, 
where he worked on Electromagnetic Field Modeling in 
Rotating Machinery and the development of the asymmetri- 
cal rotor for large steam turbine-driven generators. 

Since 1972 Dr. Demerdash has been with the Virginia 
Polytechnic Institute and State University, Blacksburg, 
VA, where he is presently a Professor in the Department 
of Electrical Engineering. 

Dr. Demerdash Is a Senior Member of IEEE and is 
currently serving as a member of the Rotating Machinery 
Committee of PES, IEEE, as well as the Synchronous 
Machinery and the Machine Theory Subcommittees of PES, 
IEEE. He previously served as secretary and subsequent- 
ly vice chairman of the Synchronous Machines Subcommit- 
tee of PES, IEEE. Dr. Demerdash is a past Chairman of 
the Virginia Mountain Section of IEEE. He is a member 
of ASEE, Sigma XI and Eta Kappa Nu. Dr. Demerdash is 
the author and co-author of numerous papers in various 
IEEE Transactions. Dr. Demerdash 1 s current Interests 
and research activities Include Electromechanical Pro- 
pulsion and Acutation, Dynamic Modeling of Solid State 
Controlled and Operated Electrical Machines, Numerical 
Analysis of Electromagnetic Fields in Elec^ic Machin- 
ery, as well as Machine-Power System Dynamics. 

ROBERT H. MILLER (S' 47 «* H # 4B) was born on Nov. 28 
1925 in Glenside, Pennsylvania. Ha received the B.S. 
degree in electrical engineering from Virginia Poly- 
technic Institute in 1948 and the Ph.D. degree from 
M.I.T. in instrumentation In 1964. 

From 1948 to 1949 he worked on carrier communica- 
tions systems for Western Union Research Laboratories 
In New York, N.Y. From 1949 to 1950 he worked on mag- 
netic amplifiers and resolvers for Kearfott ( jmpany in 
New York. From 1950 to 1953 he was involved with air- 
craft equipment specifications for Grumman Aircr ft in 


Bethpage, N.Y. From i 954 to 1963 he w.*s < . the -.taff 

of Poly-Scientific Corporation, Blacksbuig, VA, first 
as chief electrical engineer, and later as chief engi- 
neer, vice president for engineering, and then vice 
president fur research and development . Ciuce 1964 he 
has been a member of the faculty of Virginia Polytech- 
nic Ir-stitute and State University, where he is wUrrent- 
ly an associate professor of Electrical Engineering. 

His research interests are in the area of electromechan- 
ical devices. 

THOMAS W. NEHL (M' 79) was born in Tubingen, West 
Germany, on December 22, 1952. He received the B.S., 
M.S., and Ph.D. degrees in electrical engineering from 
Virginia Polytechnic Institute and State University in 
1974, 1976, and 1980 respectively. 

During the 9ummer of 1976 Dr. Nehl was employed by 
the National Bureau of Standards where he developed a 
finite element package for the solution of their nonde- 
structive testing program. During ihe summer ot 1977 
he was employed at the NASA Johnson Space Flight center 
where he was engaged in the modeling of brushless dc 
machine type electromechanical actuator systems. From 
1978 to 1980, he was employed as a research associate in 
the Department of Electr * Engineering at VPT&SU. 

Dr. Nehl is presently *n assistant professor of 
electrical engineering at VPI6SU. His current research 
activities include; finite element field analysis of 
machines, digital simulation of electronically operated 
machines, simulation of machine and electronic failure 
modes in electronically operated machine systems, non- 
destructive testing and evaluation, and power electron- 
ics. 

Dr. Nehl is currently serving on the Synchronous 
and the Machine Theory Subcommittees of the IELE/PES. 

He is a member of ASEE, Sigma Xi, Phi Kappa Pni , and 
Eta Kappa Nu. Dr. Nehl is the author and co-author 
of more chan 20 transactions and technical papers in 
the power and magnetic field areas. 

BERNARD P. OVERTON was horn m Prince Edward County, 
Virginia on November 14, 1923. He received a B.S. de- 
gree in Electrical Engineering from Virginia Polytechnic 
Institute in 1956. 

From 1956 to 1967 he was with the Wright Machinery 
Company Division, Sperry Rand Corporation, Durham, North 
Carolina as an Asrociate Engineer, Senior Engineer and 
Acting Section Ht.J, riotor Development Group. Respon- 
sibilities included the design and development of spe- 
cial and unusual motor components such as AC servo mo- 
tors, AC tachometers, DC motors and stepper motors, 
both permanent magnet and variable reluctance. Since 
1967 he has been with Inland Motor Divisions, Kollmorgen 
Corporation, Radford, Virginia as a Senior Engineer, and 
Senior Staff Engineer - \esearch and Development Center. 
Responsibilities include the design of special DC mo- 
tors, alternators, steper motors, motor-generator sets 
and power DC servo motors. 

Mr. Overton Is a member of Tau Beta Pi and senior 
member IEEE. He is currently the chairman of the IAS 
chapter, Virginia Mountain Section, IEEE. 

CHARLES J. FORD, lit was born in Richmond, Virginia 
on November 2, 1954. He received a B.Sc . degree in 
Electrical Engineering Technology from Virginia Poly- 
technic Institute and Stata University in 1977. He is 
currently doing graduate work toward a M.Sc. in Elec- 
trical Engineering at VPI&SU as a part-time student. 

During his undergraduate studies, Mr. Ford worked 
at the Reynolds Metal Can Development Center c? part cf 
the cooperative work-study program. In 1977 he joined 
the Research and Development Group of Inland Motor 
Division of Kollmorgen Corporation, in Radford, Virgin- 
ia. His responsibilities have included the development 
of brushless d.c, motor controllers for electric vehicle 
applications and for underwater drives. 


379 


APPENDIX (11) 


ON THE PERFORMANCE OF THE SAMARIUM-COBALT 
AND STRONTIUM-FERRITE BASED BRUSHLESS 
DC MACHINE-POWER CONDITIONER SYSTEMS 


Miller, R. H., Nehl, T. W. , Demerdash, N. A., Overton, B. P., and 
Ford, C. J., "An Electronically Controlled Permanent Magnet Synchro- 
nous Machine - Condit oner System for Electric Passenger Vehicle Pro- 
pulsion," Proceedings of the 1982 IEEE-IAS Annual Meeting 82CH1817-6, 
San Francisco, October 4-7, 1982, pp. 506-511. 


© 1983 IEEE. Reprinted, with permission, from the Proceedings of Hie 
1982 IEE-IAS Annual Meeting San Francisco, October 4-7, 1982, pp. 

506-511. 




1 



H 




AN I L E G T RON I CAL LY CONTROLLED PERMANENT MAGNET SYNCHRONOUS MACHINE-CONDITIONER 
SYSTLM FOR ELECTRIC PASSENGER VEHICLE PROPULSION 


r.. ‘'ii'.iM. Vo-3«r T. Nchl. N. A. Demerdjsh, ^‘mor Member 

Virginia Poivtechnic Institute and Stare University 
Blacksburg, Virginia 



7 

!• 


B, P. Overton, Senior Member C. J. Ford, III, Member 

R and D Center, Industrial Drives Division 
Kollmorgen Corporation 
Radford, Virginia 


Abstract - An electronically commutated brushless 
dc motor system was designed and built for the propul- 
sion of a 3000 lb (1362 kg) passenger vehicle. For 
this system, an electronic power conditioner and two 
motors were built. One of the motors used samarium- 
cobalt magnets and the other used strontium ferrite 
magnets for the field excitation. Some of the major 
details of the design of the motors and of the power 
conditioner are presented. Dynamometer tests were run 
on the machines. The results of this testing are de- 
scribed. The machines were demonstrated to be capable 
of developing 1$ hp continuously and 35 hp lntermit- 
tantly. Under rated operating conditions, the effi- 
ciency of either machine was about 902. 

INTRODUCTION 


In both motors, balanced three-phase 't -connected 
windings were used. These windings were arranged in 
two groups so that they could be connected in scries or 
in parallel. This arrangement was made so that higher 
starting torque could be obtained without excejoive 
current in the electronic power ennditiuner. However, 
the test results confirmed that sufficient torque was 
available in the parallel connection to meet the drive 
cycle specification. Accordingly, no provision was 
made in the final system hardware to switch to series 
operation at low speed. 

Both machines used natural air cooling of the 
T.E.N.V. enclosures. Photographs or the major com- 
ponents of the two machines are shown in Figures U) 
and (2). The major design parameters are listed in 
Table (1). 


th 

t 




The development of large power transistors has 
made possible the electronic commutation of integral 
horsepower brushless dc motors. Such motors are in- 
creasingly becoming practical for various industrial 
applications, such as machine tooi drives or actuators 
for robots or aircraft. Examples of such applications 
are listed in references (1J through [3]. 

The elimination of the brushes and commutator, 
which is made possible by the electronic coeoutation, 
provides several important advantages: 

(1) Much Higher rotor speeds are possible. This 
leads to a pronounced reduction in weight and size tor 
a given horsepower rating. 

(2) The armature windings can be placed on the 
stator, where the cooling of the coils can more readily 
be accomplished. 

(3) The placing of the armature windings on the 
stator simplifies the winding configuration. 

As the external energy product of permanent mag- 
nets has increased, it has become practical to design 
brushless dc motors of larger horsepower ratings. By 
using rotor magnets of 18 **00 samarium-cobalt and of 
stront .urn- ferrite number 8, the authors were able to 
iesign, build and test two motors of sufficient power 
rating as to make them suitable for the propulsion of 
electric passenger vehicles. 

The goal of the work was to develop an electronic 
power conditioner-motor system capable of propelling a 
3000 lb (1362 kg) vehicle under schedule D of the <*SAE 
J227a standard drive cycled). This required that the 
system be capable of sustained (2 hour) operation at 
an output of 15 hp anc short- term (1 minute) operation 
at an output of 35 hp. As the test results show, each 
of these goals has been met. 



Figure (l) Component I of the uimur iuin— obalt M 



Description of the Motors 

In this work, two motors wars designed and built. 
Tar the purpose of minimising the site and weight, one 
of the motors was constructed using samarium-cobalt 
magnets for the field excitation. Because of the 
expense and possible scarcity of this magnet material, 
a second motor was designed and built using stront ium- 
ferrlte magnets. The perfarmancc of the two motors 
was nearly the same, while the ferrite excited motor 
was about twice the weight and one and one-half times 
the volume of the samarium-cobait excited motor. 



C* „ Jt. • 


Figure (2) Components ol the (i rriiv . n»u»r 
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Table (1) Major Design Parameters 

r _ ; 

i Parameter, Units j Samarium-Cobalt 
i SmCo^ Design 

Strontium Ferrite 
#8 Design 

1 motor outside 
diameter, in. (cm) 

7.88 (20.02) 

7.88 (20.02) 

. ... - _ 

motor length, 
'in. (cm) 

13.35 (33.91) 

. 

18.85 (47.88) 

imotor weight, Lb. | 60,0 (27.2) 

1 deg, | 

127.0 (57.6) 

total magnet 
'weight, Lb. (kg) 

3.23 (1.47) 

9.56 (4.34) 

i rotor inertia 
! constant, Lb. ft. 
sec 2 (kg.m 2 ) 

0.00234 (0.00317) 

j 

0.0120 (0.0163) 

■ 

i rated horsepower, 
|hp (continuous 
12 hour rating) 

15.0 | 15.0 

\ 

t 

peak horsepower, 
jhp (one minute 
i rating) 

35.0 j 35.0 

j 

speed at rated 
j horsepower 

j 

8680 1 8840 

I 

(number of poles 

6 | 6 



jtorq.te sensitivi- 
ty (parallel con- 
nection) Lb. ft/ 

I ampere (Nevron 
i me ter /ampere 

0.0885 (0 11999) 

0.0732 (0.0993) 

esf aenstivlty 
(line to line), 
• volts/mech. 

, rad. /sec. 

i ... 

0.1200 

0.0993 

[thermal time 
constant, 
minutes 

35 

45 

'supply voltage, 
i volts 

120 

120 


Mounted on the theft of the machines wet e tet of 
six small magnet* which were used to control three Hell 
effect tentors to determine the rotor position in order 
to synchronize the twitching of the electronic drive 
circuit. This rotor position tensor divided e rotetion 
of 360 electricel degrees into tlx tree of 60 ilectri- 
cal degrees. This provided the timing for the twitch* 
ir.g s & cj jr,r*w £ described in the next section. A second 
set of Hall-effect tensors wet mounted in t position 
30 electricel degrees removed from the first set. By 
using this alternate set of sensors, advanced firing 
of the commutating transistors could he accomplished. 
The need for this provision is discussed below. 

Description of the Power Conditioner 

The function of the electronic power conditioner 
was two-fold: to convert the dc supply volt eg* to 

three-phase sc voltage of the proper phase to drire 
the motor, and to control the current supplied ;o the 
motor in order to regulate the developed terque. The 
development of this type of power conditioner is de- 
scribed in references [l}-[3] and 1 5 } - [ 7 } . 




Figure (3) Motor-Power Conditioner Network Schematic 

A scftcmatic diagram of tha circuit including the 
major power switching elements is shown in Figure (3). 
In this diagram, the comtatlon la accomplished 
by the three phase Inver ter /converter (motoring/regen- 
erative braking) bridge comprising the six transistors, 
Q| through Qg, and the six diodes, D? through Dg. The 
current control is accomplished by the two quadrant 
chopper comprising transistors and Qg sad diodes 0^ 
and Dg. 

in the motoring mode, the chopper regulates the 
current to the motor by turning on Q^ if the inductor 
current is too low. When the inductor current has in- 
creased by e predetermined lncr ament beyond the set 
value, Qh turns off, and the Inductor current flows 
through diode D^. During regenerative braking, the 
transistor Qg is turned on until the Inductor current 
has risen by an increment above the set value. <kj is 
then turned off, and the Inductor current flows through 
D. and onto ths battery. 

In the motoring mode, proper switching of Q A 
through Qg leads to phase a, b and c currant waveforms 
such as are idealized in Figure (3). In this figure, 
one can sat the existence of six distinct armature 
states. This establishes in ths motor s stator (arma- 
ture) mmf which travels in discrete Jumps of 60 electri- 
cal degrees. The rotor mef (magnets) is continusouly 
forced to follow that motion. Ths result is equivalent 
to that of s synchronous machine in which ths torque 
angle (between the two amis) varies during each switch- 
ing cycle between an initial 120" and a final 60* elec- 
trical angle. For advanced firing of the commutating 
transistors, this angle varies between 150* and 90* 
elactrical as shown in Figure (4). 

The diodes, through Dg, provide current paths 
during the switching operation when the inverter tran- 
sistors are mom en tarily off. They also function as a 
three-phase full wave rectifier bridge In the regenera- 
tive treking mods. Diode provides a path for the 
1 iductor current during the switching in«tan< s when 
ae path through the Inverter is mom e nt ari * locked. 

In order to eliminate one translate which reduces 
cost, and to prevent any accidental fir *ag of and Qg 
simultaneously, one transistor was used for both func- 
tion*. This transistor was switched between the two 
positions by means of s DPDT relay. 
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W° ELECTRICAL ADVANCED INVERTER FIRING (SWITCHING) 
Figure (A) Advanced Firing Concept 


IMPACT OF COMPUTER AIDED ANALYSIS ON 
THE MOTOR- CONDITIONER SYSTEM DESIGN 


It is worth emphasizing that Che varloue voltage 
and current waveforms throughout such notor-'condlt loner 
systems are heavily nonalnuaoldal in nature, eee 
reference* 1 1] — 1 3] and [5]-[7], Hence, many claaelcal 
frequency domain (phaaor type) methods are not appli- 
cable to the analyela and prediction of performance of 
auch systems. In fact, uae of auch method* without 
regard to their limitation* when analyzing auch ayatesa 
can lead to eia leading reault*. Thia led to the devel- 
opment of a dynamic time-domain simulation model, aee 
reference (7], suited for the analyela of auch ayatema. 
Thia model requires: 1) knowledge of the waveform* of 

phaae emfs Induced in the armature winding* of auch 
machines, 2) the value* of the self and mutual in- 
ductance* of the phaae winding* of anch motor*, and 
3) other motor-conditioner circuit parameter*. The 
determination of the emf waveform*, and Inductances, 
associated with auch machine* la accomplished by use of 
the method of finite elements to analyse the magnetic 
field in these machines, a* described in detail In 
references [8] and [9], respectively. 

The above mentioned computer-aided analysis tools 
were used to examine the validity of the preliminary 
design* of the motor-condlticner system* at hand before 
such designs were finalized and implemented. This was 
carried out in the following order: 

1) Upon obtaining preliminary design* of the samarium- 
cobalt and ferrite motors, the emf waveform* and 
winding inductances were determined for both 
machines by finite elements, using methods described 
in reference* [8] and [9], respectively. 

2) These parameter* were used in the dynamic simulation 
model of the motor-conditioner system, see refer- 
ence [7] and [6] for further detail*. The results 
of the simulation revealed that under the constraint 
(imposed by customer) of a supply voltage of X20 
volts dc, only 4 hp peak output could be obtained at 
the ra+.ed speed [4]. This rather limited output 
capability can be attributed directly to the 
machine inductances , In order t q rectify this 
situation, the number of winding turns per phase 
wss reduced, see reference* [9] end [b]. 

This design chsng* was slso simulated, end it 
led to a new peak output of 26 hp. This was auch 
closer to the goal of hp. However, additional 
design changes wars nee ssary to achieve the 35 hp 


goal. 

3) The idea of advancing the firing time of the in- 
verter translators by 30 electrical degrees was 
alr^ simulated. This reduces the value of the 
emf v'poslng the current buildup at the instant of 
switching. 

The combined reduction in the number of turns 
and advanced firing led to a predicted motor-con- 
ditioner peak output of about 38.7 hp. With this 
result in mind, these design changes were Intro- 
duced to the final design, and Implemented In thi 
construction of the hardware. Results of th? 
actual testing of the hardware given later In this 
paper reveal that tl.t developed system is capable 
of producing the required 35 hp one minute output 
rating in both the samarium-cobalt and ferrite 
motor cases. 

Power Conditioner Design Features 

The power transistors used for both the chopper 
and Inverter transistors were Toshiba 2SD>48, with a 
rated collector current of 400 A and a rated voltage 
v CEO 300 V. The 300 V rating required that careful 
attention be given to the snubber design to prevent 
excessive voltage spikes during the switching instants. 
The snubber circuit is shown in Figure (5). Even with 
these snubbers, it was necessary to place a 9000 ut' 
capacitor bank across the inverter buss to prevent 
excessive voltage spikes. 



1.76^ F 


figure (5) Snubber Network 

The power transistors s i power lodes were 
mounted on heat sinks which j.’.anged In the form 

of s tunnel through which f.oolirn air was forced (see 
Figure (6)). However, sin e t.<e only practical way of 
mounting these dlodea wee on \sat sinks that were much 
larger than necessary, cho system remained very cool. 
Case temperatures for the inverter and chopper transis- 
tors, at the end of the two hour 15 hp run, were 35* 
sad 44.2*C, respectively. If the electronic package 
wars arranged so that the tunnel wss vertical, natural 
convective cooling would probably have been sufficient. 
However, project coo* trainee precluded that option. 

The Inductor wss built on an Allegheny- Ludlun l- 10 
core, using s stack height of 3./S in. (9.53 cm.). 

Each air gap was .125 in. (.318 cm.). On this core, 
two colls wars placed, each coil consisting of ten 
parallel strands of #8 A.V.G. wire. These two colls 
were connected in parallel. This arrangement provided 
an Inductance of 425 uH at 200 A. The lose In this 
Inductor at the rated current of 120 A was only 31 V, 
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reverse control (to control the order of firing cf the 
Inverter transistors) and for a normal /advanced firing 
control (to select which rotor position sensor will 
control the inverter translators) . The remaining two 
outputs, one on each PROM, are connected to an alarm 
circuit to shut down the system in the event cT an ab- 
normal set of signals from the rotor position sensors. 

One of the PROM inhibit inputs is used to shur 
down the in/erter in the event of a malfunction 
in response to an excessive inductor current, loss of 
a current sensor, or malfunction of a rotor position 
sanaor. the o^her PROM inhibit input is used to shut 
down the inverter for a period of 0.5 aecond during 
switching operations between motoring and regenerative 
braking modes (or during a aeriet /parallel switching if 
this were used) . 


Figure (6; System Hardware During Testing 

In order to measure the current in the inductor 
for the purpose of controlling the chopper, a pair of 
Hall effect sensors was used. Each sensor consisted 
of a toroidal ferrite core with a slot cut in it to 
provide an air ga*j of .093 in. (.236 cm.). In •‘.hi* air 
gap a Sprague #UCN-35Q1 T Hall effect sensor was 
mounted. The assembly was then placed around the wire 
leading to the inductor. This provided a reasonably 
linear current measurement with a sensitivity of 3.3 
mV/A. One of these sensors controlled the chopper in 
the motoring mode, while the other aerutor controlled 
the chopper in the regenerative braking mode. The out- 
put of the two sensors was compared and the difference 
ted to an alarm circuit, so that failure of a aenaor 
would generate an alarm and shut down the system before 
the chopper transistor coulu v * destroyed. 

A schematic diagram of t L* low-level electronic 
logic and control circuit is shown in figure (7). At 
the heart of the control network is a pair ot N825126N 
programmable read-only memories. Each of these ammo- 
nes has eight inputs and four outputs (256 * 4). Six 
of the inputs are used by the two rotor position sen- 
sors (normal and advanced firing), and six of the out- 
puts are used for the control of the inverter transla- 
tors. The remaining two inputs are used for a forward/ 
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figure (7; Low Level Control Logic 


PERFORMANCE OF MOTOR-CONDITIONER SY S TEM 

m order tr evaluate the performance of the two 
machines described above, both were operated using the 
same power conditioner detailed above. This included 
tne testing of both motors using a standard dynamometer 
test setup. The testing program consisted of the 
following : 

1) Testing of the motor-power conditioner systems 
was carried out st an output equal tv the 
rated value of 15 lip. This teat vas . '.rried 
out for a continuous period of two hours to 
simulate cruising by a 3000 Lb vehicle at a 
speed of 55 mph (88 kph) on level road. The 
highlights of the data obtained from this teat 
are given in Tables (2). As can be seen, the 
overall system efficiencies under rated con- 
ditions were 88.722 and 91.132 for the samar- 
ium-cobalt and ferrite motor cases, respec- 
tive!: , 


Table (2) Performance of the Samarium-Cobalt 
and Ferrite Motors at Rated Conditions 


— 

jperfor- 

ftsance 

Quantity 

Hotor 

i 

j. ... 

DC Line 
Voltage 
(Volta) 

DC Line 
Current 
(Ampo) 

tlotor 

Speed 

(MM) 

Motor 

Outout 

(Watts) 

(hp) 

Overall f 
System j 
effi- | 
ciency i 
(X) 1 

isamarium- 

Icobelt 

^iotor 

1 - - 

116,0 

110.2 

f 

! 

8680 

| 

11341.7/ 

15.2 

i 

88.72 | 

1 

| 

ferrite | 

Motor 

1 1 

ns. 6 

107.3 

j 

8840 

11299.*/ 

15.1 

91.18 j 


2) Testing of the motor-power conditioner systems 
was carried out at an output equal to 35 hp. 
This test was performed for e period of one 
minute to simulate a 102 grade hill climbing 
by a 3000 Lb vehicle at a ape*- cf about 30 
mph (48 kph). The highlights of the data 
obtained from this test ere given in Table (3). 
As can be seen the goal ot 35 hp was reached 
by both motors. However, this power was 
developed at speeds lower then the rated ones 
for both machines . Advanced firing (commu- 
tation) of the inverter translators by 30 
electrical degrees was required to achieve the 
35 hp output in both esses. 

3) Tert'ng of the ootor-power conditioner systems 
waj carrie* out at various other horsepower 
outputs an? peeda. This data was obtained 

in order to establish the system characteris- 
tic performance over the e *re motoring range 
of operation. This data 1* r Lotted in the 
form of equl-ef iiciency contours in the torque- 
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Table (3; Performance of the Samarium-Cobalt 
ind Ferrite Motor* at Peak Power of 35 HP 


jperfor- ! 
ma-ce j 
j Quantity | 
[Motor • 

DC Line 
Voltage 
(volts) 

DC Line 
Current 
(Amps) 

Motor 

Speed 

(RPM) 

| Motor 
i Output 
j (Watts) 

| (hp) 

Overall 

System 

U> 

! Samarium^ 

Cobalt ) 
-Motor 1 
f f 

115.0 

, 

i 

287.5 

i i 

i 

6900 

126104.6/ 
i 35.1 

1 ! 
i 

79.2 

1 

1 F rrite j 

i^'otor * 

120.9 

297.6 j 

1 

6750 

-+ t 

126632.2/ 

1 35.7 

| 74.0 


; i i l, : 


-speed plane as given in Figures (8) an 1 (9) for 
the samarium-cobalt and ferrite motois, re- 
spectively. 

Nu* sroua oaclllograaa of voltage and 
current waveform* in the conditioner and motor 
at various load conditions were taken and are 
given In reference* [5] and [10]. 


conclusions 

This work revealed that ferrite type permanent: 
magnets can be used in motor designs to produce machine 
performance characteristics equivalent to those pro- 
duced by machinr* designed with samarium- cobalt magnets. 
However, this is done at the expend f increased motor 
weight and volume as given in tie ^aper . The ferrites 
are certainly preferable in applications where weignt 
and volume are not critical. The secure availability 
of ferritss in comparison to samar ium-cobalt render 
these ferrites an attractive alternative to rare earth 
materials . 

Furthermore, this work Jemonstntes that power 
transistors are well suited for integral horsepower 
motor control applications of this Knd. Bocn goals 
of a continuous 2 hours 15 hp output at efficiences of 
about 90Z, and one minute 35 hp output were accomplish- 
ed. Furthermore, with a higher supply voltage of 150 
volts, ar. output of more than 42 hp was achieved. These 
results reveal that such systems are well suited for 
propulsion of electric vehicles and similar applica- 
tions. 
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Figure (8) Equi-Ef f iciency Contours in the Torque- 
Speed Plane (First Quadrant), Samarium- 
Cobalt Case. 
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Figure (9) Equi-Ef f iciancy Contour* in ch* Torque- 

Speed Flane (First Quadrant), feriite Case. 
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ABSTRACT 

A functional model (prototype) 15 HP 
(continous rating), 120 volt, *4-pole, 7600 
r.p.r*. samarium-cobalt permanent magnet 
type brushless dc mo tor- t r ansi s t or ized 
power conditioner unit was designed, 
fabricated and tested for specific use in 
propulsion of electric passenger vehicles, 
(This work was funded by NASA-Lewis/DOE 
under phase (I) of NASA contract No. 
DEN3-65 as part of DOE 1 s program on 
research and development of electric vehi- 
cle technology.) This new brushless motor 
system including its power conditioner 
package has a number of important advan- 
tages over existing systems such as 
reduced weight and volume, higher relia- 
bility, potential for improvements in 
efficiencies, etc. These advantages are 
discussed in this paper in light of the 
substantial test data collected during 
experimentation with the newly developed 
conditioner motor propulsion system. 
Details of the power conditioner design 
philosophy and particulars are given in 
the paper. Also, described here are the 
low level (signal) electronic design and 
operation in relation to the remainder of 
the system. 

INTRODUCTION 

By and large almost all primemovers in 
various electrical propulsion systems are 
brush-type traction d.c. series or com- 
pound connected motors. These motors, if 
properly designed, perform their intended 
function quite adequately. However, there 
are various advantages that are attributed 
to brushless type propulsion systems which 
are lacking in ordinary brush d.c, motor 
type systems. Some of the major advan- 
tcges of the present brushless system, 
built around an electronically oommutated 
samarium-cobalt type permanent magnet 
motor as a prlmemover, oan be summarized 
as follows: 1) the elimination of brushes 
leads to reduction In maintenance require- 
ments and htnoe a potentially more relia- 
ble system, 2) the elimination of brushes 
leads directly to higher upper bounds on 
possible motor rated speeds and conse- 
quently reduoed weight and volume of eleo- 
tric machinery for a given horsepower, 3) 
in a brushless motor e permanent magnet 
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type rotor is utilized, hence the so fam- 
iliar rotating armature winding of the 
classical d.c. machine is eliminated, 
which means simpler and potentially 
cheaper construction, and *4) the elimina- 
tion of a rotating armature, with conse- 
quent mounting of an armature winding on 
the stator leads to improved thermal char- 
acteristics for such machines with poten- 
tial for improved motor overall perfor- 
mance and efficiencies. This is in 
addition to a number of other indirect but 
tangible advantages which are inherent in 
a brushless motor and are lacking in 
classical brush type machines. 

Accordingly, an electronically commu- 
tated brushless d.c. motor propulsion sys- 
tem for use in electric passenger vehi- 
cles, with specific vehicle weight and 
performance characteristics was developed, 
fabricated and tested. This was done with 
a main goal of meeting specific vehicle 
performance requirements as given in SAE 
electric vehicle drive cycle J227a Sche- 
duled-D standards. The main design, 
fabrication, testing steps and procedures 
as well as performance characteristics of 
this system are summarized with emphasis 
given here to the transl torlzed power con- 
ditioner built for this motor. The main 
components cf the system are described 
next . 


MOTOR-POWER CONDITIONER 

A permanent magnet type brushless d.c. 
machine, designed to withstand a peak load 
of 35 HP for one minute duration was con- 
structed. A schematic diagram showing the 
cross sectional configuration of the 
machine la given in Figure (1). As oan be 
seen the motor oonsists of a 15 slot wound 
stator using a standard laminated struc- 
ture for the magnetic circuit of the sta- 
tor. A fractional slot stator winding 
daslgn was oboaen to reduce armature 
e.m.f. and m.m.f. harmonics and henoe 
reduce any tendanelaa for oogglng. The 
stator core was Installed in a oorrlgated 
aluminum housing for improved loss dissi- 
pation and hence better machine thermal 
oharactarlatloa. 
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The rotor consists of a 4 -pole perman- 
ent magnet arrangement glued to a suitable 
steel shaft. A nonmagnetic stainless 
steel magnet retaining sleeve in conjunc- 
tion with suitable "Epoxy 11 type glue were 
used surrounding the magnets for bonding 
and retalnment purposes. 

The stator winding was built with an 
interesting feature of 3-taps per phase, 
which allows one to vary the operative 
(effective) number of turns per phase in 
the stator winding. This feature provides 
the operator the flexibility of controll- 
ing the torque speed characteristics of 
the motor. This torque-speed controlabil- 
ity feature is demonstrated clearly in the 
torque speed characteristics given in Fig- 
ure (2), which were obtained on the basis 
of measured motor torque sensitivities 
( Lb . Ft /Ampere ) for each of the three sta- 
tor winding taps per phase. This feature 
can be »3ed if desired to supply the par- 
tial function of a transmission, hence it 
provides the option of overall design sim- 
plification of the drive train by virtue 
of this torque-speed characteristic cont- 
rollability. This feature, if exploited to 
its full extent, can either lead to 
extreme simplification or elimination of a 
mechanical transmission, thus leading to 
savings in weight, volume, reliability and 
cost of an overall drive train. The taps 
can be seen clearly in Figure (3) in the 
partially assembled view of the stator and 
its housing, and in the multi-terminal 
appearance of the motor (9 terminals, 3 
terminals per phase) in Figure (4). 



MOTOR SPEED RPM 


MOTOR TORQUE SPEED CHARACTERISTICS BASED ON MEASURED TORQUE 
constants and measured rotational LOSSES 


Figure (2) 

Torque Speed Characteristics 



r ALUMINUM HOUSING 



MOTOR CROSS SECTION 

Figure (1) 
Motor Cross-Section 


Figure (3) 

Partially Assembled Armature 



Figure (4) 
Assembled Motor 
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The aotor is energized by a solid state 
transistorized power conditioner (P.C.) 
shown schematically in Figure (5). Shown 
also in figure (5) are the idealized aotor 
phase currents, i*, i B , and i^. The nain 
functions of the P.C. in relation to motor 
operations are mainly two. The first of 
these is proper sequencing and switching 
of the phase currents of the aotor, which 
is demonstrated by the idealize* current 
wave foras of Figure (5). This properly 
sequenced switching leads to a continu- 
ously forward stepping stator m.a.f. which 
is kept 120 electrical degrees ahead of 
the rotor m.a.f. at the instant of occu- 
rence of every switching opertion. The 
proper angular displacement between the 
stator and rotor m.o.f.s is controlled and 
guaranteed by a Hall-effect rotor position 
sensor, which is elaborated on in follow- 
ing sections of this paper. The second of 
these functions is the controlabil ity of 
the magnitude of the d.c. line current. 
In this type of machines torque is 
linearly proportional to the magnitude of 
the d.c. line current, hence controlabil- 
ity of the line current or motor torque 
are synonimous. Description of the P.C. 
and functions of its various components 
and control scheme is given next. 


POWER CONDITIONER FEATURES 

The main features of the power condi- 
tioner shown schematically in Figure (5) 
are: 1) a d.c. line input capacitor filter 
for ripple elimination and/or reduction, 
2} a combination series/shunt type (two 
quadrant) chopper for d.c. line current 
(motor torque) magnitude limiting and con- 
trol, and 3) a configuration of six tran- 
sistor-diode switches which constitute the 
three phase inverter/converter bridge. 

The inverter /converter bridge has a 
capability of allowing the machine to 
function in three separate modes of opera- 
tion. Namely, these modes are: motoring, 
plugging (dynamic braking) and regenera- 
tive braking. Shown also in Figure (5) in 
Idealized form are the A, B and C machine 
phase currents during a forward motoring 
mode. Shown in dotted line form is the 
path of current through conditioner and 
machine during the first 60° electrical of 
the current cycle given in Figure (5), 
with the chopper in the "on" position for 
motoring. The "on/off" signals which 
activate the six transistors in the 
inverter bridge are generated by a Hall- 
effect rotor position sensor (R.P.S.) 
which is shown schematically in Figure 
(6), with the actual hardware shown in 
Figure (7). 
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MOTOR POWER CONDITIONER SCHEMATIC AND IDEAUZEO 
MOTOR CURRENTS 

Figure (5) 

Motor-Conditioner Schematic 
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ROTOR POSITION 
SENSOR SIGNALS 
NALL SWITCH# i 


NALL SWITCH #2 
HALL SWITCH #3 



POSITION SENSOR 
Figure (6) 

Position Sensor Schematic and Output Sig- 
nals 
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THE ROTOR POSITION SENSOR AND LOW LEVEL 
SIGNAL ELECTRONICS 


The rotor position sensor divides each 
360 degrees electrical into six segments 
or current states of 60 degree widths. 
The three RPS output signals for nine con- 
secutive current states are shown in the 
bottom part of the Figure (6). The RPS 
consists of a separate rotor and stator 
core which contains three Hall devices 
mounted in slots displaced from each other 
by 30 mechanical or 60 electrical degrees. 
The adjustable RPS stator core makes it 
possible to vary the commutation angle if 
needed . 

The output signals generated by the RPS 
are used as an address to "look up" the 
status of the six Inverter transistors 
from a 32x8 bit programmable read only 
memory or PROM which is shown schemati- 
cally in Figure (8). The PROM contains 
the inverter switch configurations, in 
table form, for all six states during both 
forward and reverse motoring, while during 
regenerative braking, all inverter 
switches are kept off regardless of the 
current state. The PROM is also used in 
the over current protection scheme to turn 
off all eight transistors by means of the 
chip disable line. Use of the PROM to 
perform these decoding tasks greatly sim- 
plifies the circuitry when compared with 
discrete logic gate type implementation. 



Figure (7) 

Hall Effect Rotor Position Sensor R.P.S. 
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Figure (8) 
Digital Processor 


Controlling the chopper is a d.c. line 
current sensor coupled with a hysteresis 
type control approach which is depicted 
schematicaly in Figure (9). This current 
sensor-hysteresis controller controls the 
duty cycle (on/off times) of the transi- 
stor switch. Qm in the motoring mode, and 
controls the duty cycle of the transistor 
switch, Qg, in the braking mode. The out- 
put signal of the current sensing and con- 
trol device which is also depicted in Fig- 
ure (9) is fed into the digital processor 
of Figure (8). The output signals of the 
processor control the two chopper transi- 
tors, Qm and Qg, as well as the 
inverter/converter bridge transistors, 
through . 



CURRENT SENSOR-MOTORING MODE 


figure (9) 

D.C. Line Current Sensor and Chopper Con- 
trol 
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THE D.C. LINE CURRENT SENSOR-CONTROLLER 
SCHEME 

The regulation of the average machine 
torque (or current) can be accomplished by 
means of an open loop technique such as 
pulse width modulation (PWM) or by means 
of a closed loop system utilizing a hys- 
teresis type controller. Figure (9). The 
closed loop approach was chosen for this 
application because of the following 
advantages: inherent stability, eontrol- 

labe dc ripple, and aimpl flea t ion of the 
protection schemes. The current sensor 
consists of a coaxial type current shunt, 
which is located in the dc link between 
the chopper and inverter network, and an 
amplifier which is used to boost the out- 
put of the current shunt. The input cur- 
rent command, ICMD, is amplitude limited 
at around 300A for protection purposes. 
The amplitude limited current command is 
then passed through a rate limiter to fil- 
ter out rapid variations or noise in the 
ICMD. The rate and magnitude limited cur- 
rent command signal, IMC, is then compared 
with the output of the current sensor, IM, 
using a hysteresis type comparator. The 
comparator produces a logical valued out- 
put, OMC, which controls the switching of 
Qm and Qg at a rate required to keep IM 
within the specified tolerance during 
motoring and regeneration respectively. 
One additional feature of this controller 
is that the maximum chopping frequency c&n 
be controlled by varying the specified 
current tolerance. The frequency 

decreases for Increases in the current 
tolerance and vice versa. 

The diodes, Dj through D$ , provide cur- 
rent paths during phase current commuta- 
tion. They also constitute the converter 
bridge in the braking mode. The diodes. 
Dm and Dg, provide the necessary d.c. 
line current paths during the "off" per- 
iods of Qm and Qg respectively. The main 
function of the diode, Dp, is to provide a 
return path to the current through the 
chopper inductor back into the source at 
the switching Instances when such a path 
through the Inverter may be blooked momen- 
tarily, thus it eliminates the danger of 
any severe voltage transients which may 
accompany the transistor switching of 
through Qg . 

The chopper transistors Q m end Qg 
employ a high frequency, triple-diffused 
four-terminal power Darlington, and the 
Inverter translators employ a single- dif- 
fused power Darlington for ruggedness. 
The high frequency Darlington blook 
MT-11M oonslsts of one driver PT-A500 
which feeds three paralleled PT-A500 tran- 
sistors that forms the power stage to pro- 
vide 300 amperes of ourrent. The law fre- 
quency power Darlington blook MT-1146 is 


made up of one driver r T-7511 which feeds 
six-paralleled PT-7511 transistors that 
provide 300 Amperes rating. A view of 
the motor-power conditioner hardware dur- 
ing the final assembly stages is given in 
Figures (10) and (11). 



Figure (10) 

Power Conditioning During Assembly 



Figure (11) 

Final Assembly of Motor and Conditioner 


BASE DRIVE SCHEME FOR POWER TRANSISTORS 

The particular Darlington power block 
employed in the electric vehicle propul- 
alon system has sn intriguing feature; 
that is, the availability of a second base 
terminal. Tha extra bass terminal of the 
four-tsrmlnsl power Darlington provides 
the opportunity to drive reverse current 
through the smlttsr and base Junction of 
both the power stage and the driver stage. 

A noteworthy base drive scheme was 
developed for the four terminal Darlington 
devloa (2). This base drive has the abil- 
ity to provide two reverse currents inde- 
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pendent of each other allowing the driver 
stage and power stage of the Darlington to 
be turned off at their own charge seep-out 
rates. This two loop control of the 
reverse curr r.t enhances the possibility 
of a quicker turn-off, Figure (12), when 
d^t) is clocked off d 2 (t) is clocked on 
for a predescribed length of tine. The 
pulse width of d 2 (t) is proportional to 
the anount of tine needed to fully turn 
off the switching device. With d 2 (t) 
clocked high, a high influx of current 
enters the dot on the primary side. By 
transformer action a current is induced on 
the secondary which supplies two 
independent currents for reverse biasing 
the device. The magnitude of current 
needed for the driver stage loop and the 
power stage loop is dictated by the anount 
of minority carriers stored in the baae- 
enitter junction of both, respectively. 
The diodes on the secondary of the current 
transformer are to provide a high impe- 
dance path during the "on" state of the 
power Darlington to prevent any drive cur- 
rent being shunted to ground. For 
detailed description and performance test- 
ing of the two-loop base drive scheme 
reference (2) should be consulted. 



Figure (12) 

Schematic of Base Drive Circuitry 


MOTOR-POWER CONDITIONER (M.P.C.) TEST 
RESULTS 

The motor-power conditioner (M.P.C.) 
are shown during dynamotar load tasting In 
Figura (13). A typical wava form of tha 
phaaa currant during motoring, with d.c. 
llna current ohopper fully operative la 
shown in tha oaolllogram of Figura (14) at 
partial load conditions (72.6 Aaperea), 
with corresponding lino to 11ns voltsgs 
oscillogram given In Figure (15). 



Figure (13) 

Motor-Conditioner Unit During Dynarooeter 
Load Testing 

Also, shown in Figure (16) is an oscil- 
logram of the collector to emitter voltage 
across the chopper transistor Q^, while in 
Figure (17) the corresponding oscillogram 
of current through is given. Further- 
more, the oscillogram of the current 
through the cnopper inductor under the 
same operating load conditions is shown in 
Figure (18). 

The motor-power conditioner system was 
further tested while the chopper was com- 
pletely in the "on" operating mode at all 
times. The line current was 146.6 Ameres 
at a motor speed of 7755 r.p.m. This cor- 
responds to a motor net output power of 16 
HP. The corresponding oscillogram of the 
phase current for this case is given in 
Figure (19) with corresponding line to 
line voltage waveform shown in the oscil- 
logram of Figure (20). The corresponding 
collector to emitter voltage across one of 
the inverter transistor switches is shown 
in the oscillogram of Figure (21). 

A typical wave fora of the phase cur- 
rent during regenerative braking, with 
chopper control in operation is depicted 
in the oscillogram of Figure (22) at a 
current of 95 Amperes peak, with the cor- 
responding line to line voltage oscillo- 
gram depicted in Figure (23)* Also, dep- 
icted in Figure (24) is sn oscillogram or 
the current through the chopper transi- 
stor, Qg, during this regeneration condi- 
tion. Many other voltage and current 
oaolllograma under various loading condi- 
tions and aaehlne tap positions were 
obtained but limitations on publication 
space will not permit Ineluding them here. 
For further details reference (1) should 
be consulted. 
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Figure (14) 

Phase Current at 72.6 Amperes D.C. Line 
Current With Chopper Operating 


Figure (17) 

Current Through at 72,6 Amperes D.C, 
Line 



Figure (15) 

Line to Line Voltage at 72.6 Amperes D.C. 


Figure (18) 

D.C. Line Current With Chopper Operating- 
Average Value 72.6 Amperes 




Figure (16) 

Voltage Aoross at 72.6 Amperes D.C. 



Figure (19) 

Phase Currrrt at 146.6 Amperes D.C. 
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Figure (20) 

Lint to Line Voltage at 146.6 Aaperes D.C. 



Figure (21) 

Voltage Across an Inverter Switch at 146.6 
Aaperes D.C. 



Figure (22) 

Phase Current at Regenerative Braking at 
95 Aaperes D.C. 


Figure (23) 

Line to Line Voltage at Regenerative Brak- 
ing at 95 Aaperes D.C. 



Figure (24) 

Current Through Qg at Regenerative Brak- 
ing at 95 Aaperes D.C. 

Nuaeroua load tests were conducted on 
the M.P.C. unit given here ranging froa 
fractional to rated as well as over rated 
load conditions. Coaplete docuaentatlon 
of these test results are to be found In 
reference (1). However, a typical and 
representative saaple of these results Is 
given here. Foreaost aaong the tests con- 
ducted on this M.P.C. unit was a two-hour 
16 HP load run to evaluated the theraal, 
loss and efficiency characteristics of the 
unit during practical continuous use. 
During this two hour (slightly above 
rated) teat It waa found out that the 
breakdown of the input; output, losa pow- 
ers and other data are as given in Table 
( 1 ). 
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Table (1) 

Two Hour 16 HP Test Run 


j Quantity 

Test Value 

D.C. Line Voltage 

120.0 volts 

D.C. Line Current 

133.7 Amperes 

Motor Speed 

7813 R.P.H. 

Tap Position 

Two Turns/Ccil 

M.P.C. Unit Input 


Power 

153*1 Watts 

P.C. Losses 

2*32 Watts 

Motor Armature 


Ohmic Losses 

3*1 Watts 

Motor Rotational 


Losses 

517 Watts 

M.P.C. Unit 


Output Power 

12051 Watts 

Motor Efficiency, 


n M 

93.** 

P.C Efficiency, 


n P.C. 

64 . If 

M.P.C. Coabln.d 


Efficiency, hh.p.C. 

78.61 


Other runs with various motor speeds, cur- 
rents and winding tap positions were aada 
and loss as wall as efficiency data of 
these runs are to be found *n reference 
(1). Baaed on this aet of data numeri- 
cally alaulated M.P.C. overall drive cycle 
efficiencies for the 3AE drive cycle 
J227a-schedule-P were found to be as fol- 
lows: 

nn.p.c. * 76$, nn ■ 90. *61 
and np . c . * 8* . A 7 $ 

A peak 1 horsepower of aore than 22 HP for 
one ranute was reached by the aotor-power 
conditioner unit, where translator voltage 
transienta due to high current switching 
precluded higher loads unless aoae P.C. 
design changes were aade. However, tber- 
aal aotor characterlctlcs indicated capa- 
bility of reaching the goal 35 HP for one 
alnute without any difficulty. 


FUTURE DEVELOPMENTS AND CONCLUSIONS 

A prototype of an electronically eon- 
nutated brushless d.c. aotor for electric 
passenger vehicle propulsion has been 
built. Motor efficiencies and other oper- 
ating characteris tis exceeded the preset 
(required) goals with aotor rated effici- 
ency better than 93.*$. An overall aotor 
weight of less than 85 Lbs was reached. 
The scheme at hand offered the use of con- 
trol of aotor torque-apeed characteristics 
through winding tap changing as an option 
in lieu of part, or all, of a transmission 
function in the drive train. The majority 
of the preset goals for the powe- condi- 
tioner were net. However, acme design 
changes nay be necessary to improve the 
efficiency and to ba able to Beet the 35 
HP for one alnute as s p*sk rating. These 
necesssry iaproveaents in the power condi- 
tioner in addition to fur ther aotor design 
iaproveaents will be reported on in con- 
clusion to phase (II) of this project. 
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